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INTRODUCTION 
A limited number of quantitative tools are available 
for the microbiologist attempting to assign relative roles 
to cellulose decomposing bacteria-in a variety of ecosystems. 
Such limits are imposed, for the most part, by the criteria 
commonly used for the determination of cellulolytic activity. 
The definitions for the term "cellulolytic” bacteria and the 
criteria on vhich they are based -were developed during a 
half-century period of investigations, and reflect the chang¬ 
ing methodologies over this time span. Unfortunately, older 
criteria have not been dropped or modified as never tech¬ 
niques vere adopted, thus leaving a confusing assortment of 
methodologies, criteria and definitions based thereon. A 
perusal of the literature reveals that not all criteria can 
be applied successfully to all bacterial species commonly 
called cellulolytic, yet this is precisely vhat is needed for 
the development of routine analysis procedures for these or¬ 
ganisms . 
These procedures have not been developed despite the 
restrictive nature of cellulosic substrates. This is due, 
in part, tc the variability of the material called cellulose. 
The definitions, and the criteria applied to those defini¬ 
tions, for cellulolytic bacteria have varied vith the form 
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of the substrate used. Investigations vith fungal and bac¬ 
terial ce.llulases have revealed, additionally, that differ¬ 
ences exist among the knovn cellulase enzyme systems. Cel- 
lulases, rather than being single enzymes ■working on ■unique 
substrates, may be multiple enzyme systems, the components 
of ■which may attack a variety of subtrates, often ■with over¬ 
lapping functions. Thus, in order to discuss cellulolytic 
activity, it is necessary to specify the form of the cellu- 
losic substrate being attacked, thereby delimiting the func¬ 
tion of the enzyme system under discussion. Until recently 
this ■was rarely done. 
Not all bacteria capable of attacking one cellulosic 
substrate may be able to attack all substances considered to 
be cellulolytic. The lack of one enzyme in a cellulase sys¬ 
tem may prevent complete degradation of the cellulosic ma¬ 
terial. When this occurs the organism may be classified as 
non-cellulolytic. It is conceivable that cellulose could be 
degraded by microbial synergism in ■which none of the active 
species ■would be considered cellulolytic by "conventional” 
standards. Using less "conventional" standards any one of 
the participating organisms might be called cellulolytic be¬ 
cause it participated in the destruction of cellulosic ma¬ 
terials. At present there is no agreement as to \'Jhich of 
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the two approaches is acceptable, nor is any compromise seen 
to be agreeable to all parties working in the area. 
What seems to have occurred in the development of know¬ 
ledge about microbial cellulolysis is that great strides 
have been made elucidating the function of certain cellulase 
systems, while understanding of the manner in which the mi¬ 
croorganisms that produce these enxymes function in their 
native habitats has been barely advanced. It appears that, 
with bacteria at least, one reason for this lack of progress 
is the inability to detect all cellulolytic organisms either 
in situ or when isolated from a given habitat. No clear cri 
teria are available to permit such detection. 
In order to develop such criteria for bacteria, some 
basic understanding of how cellulolytic bacteria differ from 
non-cellulolytic bacteria is required. What the present 
study attempts to do is draw together, from widespread seg¬ 
ments of the literature, data pertinent to the formation of 
such criteria and to support this with experimental evidence 
« 
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I. REVIEW OF LITERATURE 
The chemistry of cellulose. Cellulose is one of the 
most abundant organic compounds found in nature. It occurs 
primarily in higher plants, in terrestrial environments, and 
in certain algae and higher plants in aquatic environments. 
All forms of cellulose are high linear polymers of ^-1, 4- 
linked D-anhydroglucopyranose units. The cell walls of 
higher plants consist of fibrils of cellulose together with 
varying amounts of other components such as waxes, pectins, 
protein, hemicelluloses and lignin. It has been established 
that cotton seed hairs contain as much as 90^ cellulose while 
fibers of most woody tissue from trees contain 40-60^ cellu- 
losic materialCl, 2). Ramie and jute are other important 
sources of cellulose, Payen(3) proposed that the material 
remaining after the extraction of lignin from the fibrous 
tissue of young cells be called "cellulose". 
As better analytical techniques were developed the term 
"holocellulose" was devised to represent that fraction of 
woody tissue remaining after extraneous materials (waxes, 
pectins, fats, proteins, etc.) and lignin are removed with 
minimal poJysaccharide loss(2). Two such extraction proce¬ 
dures commonly used are called the chlorine-methanolamine 
method and the chlorite method(2). The "holocellulose" can 
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be further fractionated intoOC-cellulose and hemicelluloses 
by the application of aqueous solutions of alkalies, e.g, 
18^ sodium hydroxide. The (X-cellulose is primarily poly-^-1, 
4-D-anhydroglucopyranose ■while the hemicelluloses recoverable 
by acidification of the alkaline supernatant of the above 
treatment are a mixture of polysaccharides, many of -which 
contain no glucose (4). 
Whereas lignin is deposited primarily in the middle la¬ 
mella of -wood fibers, holocellulose is found in the various 
layers of the cell vail. In general, alpha cellulose is 
found in highest proportion in the layers nearest the lumen 
vith decreasing concentration tovard the middle lamella, 
vhile hemicelluloses are more concentrated in the primary 
layer of the cell vail (1). Within each layer of the second¬ 
ary vail, the cell vail constituents are aggregated into 
bundles called microfibrils. The arrangement of these micro¬ 
fibrils vithin the layers of the vail has been observed by 
light and electron microscopy (1, 5)» The fine structure of 
microfibrils from various sources has also been revealed by 
electron micrographs (5)* Immergut (5) revieved the informa¬ 
tion concerning these fine structures and presented data and 
photographs to illustrate that microfibrils from various 
sources differed in length and diameter. The microfibriis 
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■were believed to be of indefinite length and from 100 to 200- 
400 A in diameter. 
The details of the molecular structure of cellulose 
have been subjects for investigation almost from the time 
Payen proposed a name for the substance. This is because 
many unusual properties which cellulose has are believed due 
to the structural organization of the large molecules. Many 
theories have been proposed to explain the insoluble nature 
of the material, the differences in ease of degradation of 
various forms of cellulosic material, the apparent imperfect 
crystallinity as revealed by X-ray diffraction studies, etc. 
These theories are adequately reviewed by Hearle (10) and 
Immergut (5) so that they shall be only briefly discussed 
here. 
Naegli (7) vas one of the first to propose a crystal¬ 
line arrangement for plant fiber fine structure. He pro¬ 
posed a "brick and mortar" type of arrangement ■whereby crys¬ 
talline areas, termed micelles. -vjere interspersed with an 
indeterminate inter-micellar "mortar". This theory ulti¬ 
mately received support when X-ray diffraction studies ap¬ 
peared to show discrete crystalline structure (8). Contro¬ 
versy concerning the length of the micellar regions led to a 
proposal of a continuous crystalline polymer by Staudinger 
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(9) and others. He suggested that crystalline high polymers 
must consist of imperfect crystals in vhich the end-groups 
of the molecules appear as local distortions. Elements of 
both theories vere incorporated into the "fringed micelle" 
concept -which is currently favored by many. In this theory 
and its numerous variations (c.f.lO), closely packed paral¬ 
lel oriented cellulose chains from crystallite areas -where 
n-umerous opport-unities for hydrogen bonding can take place. 
On occasion a certain proportion of the chains lose their 
parallel orientation, the chains having become less closely 
packed, forming a non-crystalline or "amorphous" region. 
The crystallite or micellar regions are believed to be much 
shorter than the lengths of the individual chains, which may 
be in excess of 2000 glucose units (11). Therefore most 
fringed micelle theories assiome that individual chains r-un 
through several crystalline and amorphous regions. Those 
chains found in the amorphous regions -would be more acces¬ 
sible to hydrolytic agents, since hydrogen bonding would be 
less of a factor. 
Current fringed micelle concepts take into account the 
electron microscopic information showing that microfibrils 
can exist with about half the diameter previously proposed 
for them (6, 10). Other theories, entirely different from 
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those previously proposed, have been forwarded by Manley (12) 
and Marx-'P'igni and Schulz (13). Manley proposed a unique 
model invoking a helical arrangement to the microfibril, 
vith the chains so oriented that the lead of the helix causes 
them to be generally parallel to the long direction of the 
microfibril. During the process of the laying of the 
linear molecules reversals of directions would take place, 
with bends in the chains accounting for noncrystalline prop¬ 
erties. Marx-Figni and Schulz also suggest that the reversal 
of direction of linear chains may account for amorphous re¬ 
gions. They believed that the enzymatic apparatus for syn¬ 
thesizing the chains was associated with microtubules observ¬ 
able using electron microscopy. Unlike Manley’s proposal, a 
helical arrangement for cellulose microfibril components is 
not necessary. 
The occurrence of cellulases. Enzymes which degrade 
cellulosic materials, cellulases, are produced by a wide 
variety of organisms. Such enzymes have been found to be 
associated with protozoa (l4, 15, 16), invertebrate animals 
(17, 18, 19, 20, 21, 22, 23, 2^-, 25), vertebrates (16, 26, 
27, 28), and vascular plants (29, 30, 31? 32, 33? 3^) as well 
as bacteria and fungi. Protozoans frequently are found in 
association with other animals, such as arthropods (15? 2^), 
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mollusks (35)5 or riiiiiinants (16). It has been difficult in 
the past to determine which of the organisms in such symbi¬ 
otic or commensal relationships is responsible for cellulase 
production. Recently cellulases have been found to be pro¬ 
duced directly by mollusks (17, 18, 20, 22) and arthropods 
(21, 25). Verte^brates are not believed to produce their 
own cellulases, but to rely on those produced by cellulolytic 
microorganisms housed within certain'portions of the diges¬ 
tive tract (16, 27, 38). Celluases produced by vascular 
plants have been found to be important in growth (29, 30, 
31), ripening of fruit (33) and abscission (32, 3^)* 
The two most important groups of cellulolytic organisms 
are the fungi and bacteria. Fungi are important in well aer¬ 
ated terrestrial environments, especially when a low pH is 
found (81). Siu (38) compiled a list of almost 3OO fungal 
species capable of decomposing cellulose. Among the genera 
represented were Aspergillus. Chaetomium. Fusarium. Memnon- 
iella. Myrothecium. Polyporus. Stachvbotrys and Trichoderma. 
Certain species have become frequently employed by those who 
wish to obtain large amounts of cellulase material for bio¬ 
chemical research. Some commonly used organisms are Chae- 
tomium globosum (39), Myrothecium verrucarai (40, 4l, 42), 
Trichoderma viride and T. koningi (42, 43, 44) and Stachy- 
botrys atra (45, 46). Several companies in Europe, the 
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United States and Japan obtain cominercial preparations of 
cellulases from Aspergillus and Trichoderma spp. 
Cellulose decomposing bacteria have been considered im¬ 
portant organisms for quite a \7hile. Mitscherlisch (^7), in 
1850, attributed cellulose degradation to vibrioid organisms. 
Others, observing the decomposition of cellulose in plant 
material by Bacillus amylobacter. included Popoff and Hoppe- 
Seyler (48, 49). Omelianski (50) vas concerned ■with anaerobic 
bacteria -which fermented cellulose. The organisms -with vhich 
he concerned himself vere found to be in mixed rather than 
axenic culture leading Omelianski to investigate the question 
of associative action by t-wo or more organisms on cellulose 
(5I5 52)• Van Iterson (53) described aerobic cellulolytic 
bacteria including a very small rod called Bacillus ferrugi- 
nus. The latter vas always associated '^Ith a large micro¬ 
coccus that van Iterson believed stimulated the rod but did 
not participate directly in cellulose degradation. Some no-w 
believe that these organisms may have been Sporocvtophaga 
myxococcoides or a related organism, \]lth the ’’micrococcus" 
actually being the ’’sporoids’’ of the Sporocvtophaga. 
The early work of Karl Kellerman and his co-'workers at 
the U.S. Bureau of Plant Industry is of special notice. 
Kellerman and his assistants, especially I. G. McBeth, F. M. 
11 
Scales and N. R. Smith, were responsible for first isolating 
and characterizing most of the species now included in the 
genus Cellulomonas plus several others in different genera. 
They deviated from the previous limited successes of elec¬ 
tive culture used by Omelianski and Van Iterson and devised 
plating methods for cellulolytic bacteria (67, 68). 
The organism now called Sporocytophaga myxococcoides 
was first obtained in pure culture by Hutchinson and Clayton 
(5^). The detailed descriptions and photographs provided by 
these authors suggested to them that Spirochaeta cytophaga 
(S. myxococcoides) possessed a life cycle passing through 
various phases. Current knowledge indicates that they ac¬ 
tually observed both vegetative and resting cell forms of 
this organism. 
The number of species shown to be able to decompose 
cellulose was increased considerably during the two decades 
following Hutchinson and Clayton's work. Winogradsky, within 
this period, made important contributions concerning cellu- 
lolysis by bacteria. In addition to perfecting a new method 
for isolating bacteria on solid cellulose media (the silica 
gel technique) and formulating important theories for the 
mode of action of some cellulases (the oxycellulose theory), 
he was responsible for naming and characterizing cellulolytic 
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species of the genera Cytophaga. CellYibrio and Cellfalcicula 
(55} 56). Cytophaga hutchinsonii. Winogradsky, -was for many 
years believed to be identical vith the organism later named 
Sporocytophaga myxococcoides (57)* Although first accurately 
described by Hutchinson and Clayton, S. myxococcoides T^jas 
later observed under various synonyms by several -workers 
(Krzemienievska (58), Imsenecki and Solntzeva (59)? Stapp and 
Bortels (60)). Stanier (57) determined that C. hutchinsonii 
differed from S. myxococcoides in one important respect, that 
of not forming mycrocysts, and therefore has been accorded 
separate recognition. 
Some of the above authors found several vibrioid organ¬ 
isms -which -were capable of decomposing cellulose. Winograd¬ 
sky based his oxycellulose theories on the action of some 
Cellvibrio species that he discovered. Dubos (37) reported 
on some vibrioid cellulolytic bacteria which -were later char¬ 
acterized by Stapp and Bortels (60) and named Cellvibrio 
fulvus and C. vulgaris. Gray and Chalmers (62) observed an 
organism Mjcrospira (Vibrio) agar liquifaciens capable of 
degrading cellulose and agar. Several decades after these 
early discoveries, Hulcher and King added the important spe¬ 
cies Cellvibrio gilvus (63) and Kadota reported on numerous 
cellulolytic marine vibrios (6^). 
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Cellulolytic actinomycetes vere reported by Krainsky 
(65) ^bo included them in a general vork on the genus 
Actinomyces. Rubentschik later observed some of these and 
other cellulolytic actinomycetes in lake bottom mud (66). 
Fuller and Norman (86) reported on several soil isolates, 
including species of Pseudomonas and Bacillus. Many of the 
Pseudomonas and Bacillus spp. found by Kellerman’s group 
(67? 68) are no^w classified as Cellulomonas spp. As ■with 
Cytophaga. there has been some confusion surrounding the 
nomenclature of the genus Cellulomonas. Species in this genus 
have formerly been called Bacillus. Bacterium. Proteus and 
Corynebacterium. Clark (69) has clarified this situation 
removing many of the synonyms in the process. 
Most of the above named organisms ■were aerobic or facul¬ 
tative ancierobic bacteria. Anaerobes have also been found to 
be important in the processes of cellulose degradation. 
Sporeformers such as Bacillus or Clostridium spp. may func¬ 
tion in anaerobic environments. Thermophilic Clostridia such 
as Cl. thermocellum (70, 71) s-^d Cj.. thermocellulaseum (72) 
have been sho^wn to be especially important, the latter dur¬ 
ing such processes as composting. Another very important * 
group has been the cellulolytic rumen bacteria. These organ¬ 
isms, in conjunction ■with the rumen methane bacteria (76), 
are essential to the \iell being of ruminants feeding on ma¬ 
terials v;lth high cellulose content. Organisms such as 
Bactericides succinogenes. Butyrivibrio fibrisolvens. Rumino- 
coccus flavefaciens and Ruminobacter parvum (785 7^5 75? 
77) v/ere shoT^/n to degrade cellulose with the production of 
organic acids which are used by other rumen bacteria for the 
production of cell protein. The organisms which use the 
products of the cellulose fermentations produce volatile 
fatty acids from dietary protein. These fatty acids are re¬ 
quired by some of the cellulolytic species (77)• Each mem¬ 
ber of the rumen microflora may benefit from the presence of 
the others, and the ruminant has been found to benefit from 
the presence of the microflora by having its food partially 
degraded and having a ready source of usable protein. 
Backgrounds of species used for experimental work. 0f 
the species used for experiments herein, most were character¬ 
ized initially by Kellerman and co-workers during the period 
1912 to 1913* Cellulomonas fimi. C.. gelida. C. flavigena. 
C. uda. Bacillus bibulus and Bacterium liquatum all emerged 
from that laboratory. C. flavigena (Bacillus flavigena) 
was obtained from one of Omelianski’s cultures but found to 
differ from both his hydrogen and methane bacteria (78). 
Most of the above species were originally obtained from soils. 
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Unlike many of the strictly aerobic cellulolytic bacteria 
found by others later in the century, these organisms -were 
facultative vith respect to oxygen requirements. They v/ere 
also found to be able to grov in a variety of artificial 
media, although prolonged subculture caused some to lose cel¬ 
lulose degradatory pover. Organic nitrogen in the form of 
peptone may be used "while inorganic nitrogen in the form of 
ammonium may be supplied to C. gelida. C. uda and C. flavigena 
v/ith only the last of these unable to use nitrate (79) • 
These and three other Cellulomonas species -were found to ex¬ 
hibit typical coryneform morphology and seemed to form a 
unique group vhen examined for vitamin requirements and cell 
vail composition (80). Clark (69) considered B. bibulus and 
gelida to be synonyms and B. liquatum synonymous vith C. 
f imi. 
As indicated previously, Cytophaga butchinsonii vas for 
a long time confused vith the organism nov called Sporocyto- 
phaga myxococcoides. Although differentiated by the ability 
of the sporocytophaga to form microcysts, these organisms and 
other cytophagas share many characteristics. It had long 
been thought that cellulolytic cytophagas vere unable to use 
any sole carbon source other than cellulose. Stanier (83) 
shoved that sugars autoclaved vith media vere found to pro¬ 
duce toxic products vhile sugars sterilized by other means 
/ 
/ 
I 
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vere not toxic. Glucose T/7as shovn by Fahreus (82) to be tox¬ 
ic at some concentrations even if prepared in the preferred 
manners. Cytophagas exhibit elastotaxis, orienting themselves 
parallel to the direction of cellulose fibril axes or other 
surfaces, including agar (5^, 575 ^3). Characteristics 
such as flexible cell ^A/alls, gliding motility, the failure 
to produce cell free zones of degradation (56) and elasto- 
tactic orientation have led many to believe that a prereq¬ 
uisite for the degradation of insoluble cellulosic substrates 
by cytophagas is direct contact bet-ween cell surface and 
substrate. Finally, cytophagas produced surface mucilages 
vhich, in the case of S. mvxococcoides. have been found to 
be direct products of cellulose degradation, formed by the 
process of transglycosylation (89). 
The cellvibrios first described by Winogradsky (55) and 
Stapp and Bortels (60) had less unusual morphological fea¬ 
tures than the pleomorphic Cellulomonas or the sinuous, 
flexible Cytophaga. Stapp and Bortels described Cellvibrio 
fulvus (Culture Y, Dubos (37)) and Cv. vulgaris (Culture Co, 
Dubos (37)) as standard vibrios distinguished by their abil¬ 
ity to utilize cellulose as the sole carbon source. Cv. • 
fulvus. as "With most cellvibrios, grew poorly on all carbo¬ 
hydrates except cellulose, lactose and starch, but Cv. 
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vulgaris grev veil vith most carbohydrates. Nutrient broth 
vas a poor medium for both. Cellulose decomposition vas in¬ 
hibited by high concentrations of celloligosaccharides but 
not dextrins. A preference for cellobiose vas found by 
Hulcher and King (63, 8^) for Cv. gilvus. They demonstrated 
that utilization of this sugar vas accomplished using a cel¬ 
lobiose phosphorylase system. Since glucose vas converted 
directly to gluconic acid it yielded less energy per mole 
than the hexoses derived from cellobiose. Cellvibrio polv- 
oltrophicus (85) the last of the cellvibrios used in this 
report, vas a provisional designation for an organism isolated 
from soils vhich vas found to utilize various polyhydric 
alcohols and grov on cellobiose as sole carbon source. 
Bacillus aporrheus vas one of the soil organisms iso¬ 
lated by Fuller and Norman (86) vhich they used for their 
studies on the effect of non-cellulosic material on the de¬ 
composition of "natural" celluloses. It vas one of the least 
active species used in these studies. It is currently the 
only member of the genus Bacillus available from the Ameri¬ 
can Type Culture Collection vhich vas originally distinguished 
as being cellulolytic. Xylan vas found to be important to 
decomposition of cellulose from cornstalk or jute by B. 
aporrheus (95)* 
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A variety of the common Pseudomonas fluorescens vas 
used by Japanese authors (87) to examine the effect of car¬ 
bon sources on the formation of cellulases. P_s. fluorescens 
var. cellulosa formed small amounts of cellulase constitua- 
tively but an active multicomponent extracellular cellulase 
vas induced by highly polymerized cellulosic substrates, 
sophorose and very lo^f] concentrations of cellobiose. A cell 
bound fraction vjas found to exhibit transglycosylation simi¬ 
lar to that sho-wn for S. myxococcoides (88, 89)* 
Cellulases and cellulolysis. The biological degradation 
of cellulose is mediated by cellulase enzymes. Unienzymic 
cellulases have been proposed for certain fungi (^-0), but 
evidence nov seems to favor multicomponent enzyme systems 
operating on some'what distinct substrates (91) • A model for 
such systems "was proposed by Reese et al. (92) after observa¬ 
tions that some non-cellulolytic organisms were able to de¬ 
grade soluble cellulosic materials (carboxymethyl-, hydro- 
xyethyl- and methyl cellulose) at rates similar to some cellu¬ 
lolytic organisms. Culture filtrates from non-cellulolytic 
species were found to contain enzymes very similar to ''cellu¬ 
lases" produced by cellulolytic forms. This model, with some 
later modifications is indicated below as follows; 
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Native ^ Shorter linear 
Cellulose j poly AHG . cellobiose 
Cl ci B-glUCO-_; 
sidase 
glucose 
The first component (C^) is believed to cause the sepa¬ 
ration of the crystalline micelles releasing individual 
poly-^- 1, 4 - anhydroglucopyranose (poly AHG) molecules. 
This may not necessarily cause a change in degree of poly¬ 
merization (D.P.). Sui (93) first suggested T/Jhat has been 
called a "hydrogen-bondase" for C^. He later indicated that 
this vas suggested in semi-jest (94), but recently this viev 
has received some serious consideration (95)* Mandels and 
Reese (96) shoved that acted so as to permit an increase 
in moisture uptake, thus hydrating the cellulose and separa¬ 
ting the linear molecular chains. The major linkages vere 
thus exposed and accessable for hydrolysis. Li et al. 
(44) using Avicel or hydrocellulose, believed that the key 
to is its ability to attack highly crystalline cellulose. 
Hallivell (43) shoved that perioxide formation may accelerate 
cellulose degradation, thus alloving for the suggestion of a 
biogen hydrogen peroxide as factor (93)• 
The components apparently attack amorphous areas 
preferentially and split linear chains into smaller units. 
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These enzymes should be called1, 4-D- glucan h glucano- 
hydrolasec (E.C. 3.2.IA.) (4^, 93? 97)« 
Cellobiase is the last major component of cellulase sys¬ 
tems in the sequence. This ^-glucosidase cleaves oligosac¬ 
charides of up to six glucose molecules and, in some organisms, 
may have transglycosylase activity (98). Charpentier (89) 
confirmed the synthetic function of the "cellulase" of cyto- 
phagas originally suggested by Winogradsl^y (56) by demonstrat¬ 
ing transglycosylation in the formation of the mucilage of 
Sporocytophaga myxococcoides. 
Enzymes vith C. or C activity have been at least parti- 
JL X, 
ally characterized after isolation from Aspergillus niger. 
PeniciIlium notaJLum, Trichoderma viride and T. koningi. 
Kyrothecium verrucaria. Polyporus versicolor. Streptomyces 
gilvus. Cellvibrio gilvus. Pseudomonas fluorescens var. 
cellulosa. and Sporocytophaga myxococcoides (87, 88, 89, 9^5 
98, 99)• Most appear to be endoglucanases, vith exoglucanases 
apparently identified from Aspergillus. spp, Trichoderma 
viride and Cellvibrio gilvus (91? 98). 
Until recently only a fev papers concerning bacterial 
cellulases had been published. This may have been due to 
the greater importance of fungi in deterioration of fabrics 
and foodstuffs and the greater ease in obtaining enzyme 
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preparations in large quantities from fungal sources. 
In discussing bacterial cellulases it is important to 
consider the mode of attack of the organism on cellulosic 
substrates, especially filter paper like substrates. Terui 
and Fujivara (100) proposed the term "•weathering" to des¬ 
cribe the action of Bacillus hydrolyticus on filter paper. 
Weathering results in the physical separation of the fibers 
of filter paper -without the production of large amounts of 
reducing sugars, "hydrolytic" attack involves the produc¬ 
tion of much reducing sugars while the physical state of the 
residual cellulose is only slightly altered. Okamoto and 
Asai (101) considered the type of decomposition shown by Ps. 
fluorescens var. cellulosa to be "hydrolytic" also. Nisi- 
zav/a (102) associated the terms "•weathering and hydrolytic" 
vith "random" and "end-wise" cleavage, respectively, of cel- 
lulase chains. Components of the Pseudomonas fluorescens 
va. cellulosa system -were considered to be of the "random" 
cleavage type, though it -was suggested that a better termi¬ 
nology for that cellulase system might be "less random" 
(versus end-wise) (102), A true end-wise component has been 
suggested for Cellvibrio gilvus (98)* , 
Although it has been considered that most cellulase > 
systems v/ere inducible, considerable evidence has been ob¬ 
tained to indicate that constitutive components exist in 
22 
the cellulases of Cv. ^ilvus (98), Ls. fluorescens var. cel- 
lulosa (87, 88), Clostridium thermoceirom and Cellulomonas 
SPP. (103). The constitu tive component of the pseudomonad 
vas a minor component, ho^wever, \^hen the organism "was grovn 
on cellulosic materials or non-cellulosic inducers such as 
sophorose and gentiobiose (87). 
The question of the location of cellulases in bacteria 
has been a topic of discussion for some time. Whereas vide 
zones of decomposition surrounding Cellvibrio colonies in 
solid media indicated extracellular enzymes, other* bacterial 
cellulases Vere believed to be associated vith the cell enve¬ 
lope. Tightly bound cellulases have been found in Sporocyto- 
phaga mvxococcoides (89) and Pseudomonas flucrescens var cel- 
lulosa (87), though the latter also produces extracellular 
components. Rahn and Lest had suggested that the cellulases 
of Cellulomonas species vere on or in the membrane (lOj), but 
Porter (105) found that trypinization of the cells had only 
limited effect on observed activity concluding that the cel¬ 
lulases of Cellulomonas flavigena vere not membrane bound. 
Multiple components for cellulases have been demon¬ 
strated for Sporocytophaga myxococcoides. Cellvibrio gilvus 
(98), Pseudomonas fluorescens var. cellulosa (87, 88) and 
Streptomyces gilvus (99)* 
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Finally, iouatt (106) after finding much difference be¬ 
tween the activities of t-wo rapid bacterial cellulose decom¬ 
posers, S, myxococcoides and Cellulomonas biazotea, on the 
same substrates, cautioned about the danger of attempting 
"to deduce a composite theory of cellulose breakdown by the 
combination of results vith different organisms and differ¬ 
ent substrates." 
Criteria. Although there have been many reports of the 
isolation of bacteria from various habitats vhich possess 
cellulolytic enzymes, there does not seem to be one set of 
criteria for the demonstration that these isolates indeed 
function as cellulose decomposers in their natural habitats. 
Instead, there are almost as many criteria as reports. The 
most common single criterion for the establishment that a 
culture is cellulolytic is the demonstration of filter paper 
destruction by tire culture. Loss of integrity of a strip of 
filter paper upon slight agitation of a test tube vas an ac¬ 
cepted sign of decomposition, especially if the strip sepa¬ 
rated at the air-liquid interface •when aerobic cultures were 
tested. Popoff (^8) used filter paper when investigating 
cellulose fermentation by sewage slime. Omelianski (50) saw 
filter paper change to a yellowish gelatinous mass when in¬ 
oculated with slime from the river Leva. Van Iterson (53) 
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used filter paper as did Hutchinson and Clayton (54), Wino¬ 
gradsky (55)5 Stapp and Bortels (60) as -well as many later 
workers too numerous to mention. Instead of using strips 
immersed in tubes of liquid, some authors used variations of 
the technique, such as embedding filter paper in agar (as 
practiced by Dubos (37)? or silica gell as used by Winogradsky 
(56) and Imsenecki and Solntseva (59)• Using filter paper, 
cytophagas usually could be distinguished macroscopically by 
the formation of translucent "windows" in the paper. These 
were areas where the paper seemed to disappear to be replaced 
by a mucilage in which was imbedded the vegetative cells (and 
microcysts in the case of Soorocvtophaga) of the active or¬ 
ganisms . 
Cotton has been used often as a substrate for cellulo¬ 
lytic organisms, but not usually for the purpose of establish¬ 
ing criteria for cellulose degradation. Most often, cotton 
is used for special purposes such as providing a natural 
matrix on which to observe morphology (56). Defatted cotton 
was used as one of several substrates for quantitative analy¬ 
ses of cellulose degradation by Berg et al. (107). 
Cellophane was used by Stapp and Bortels (60) as an al¬ 
ternative to filter paper. Went (IO8, 109) and Thomas (112) 
used cellophane for microscopic analyses, since any change in 
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substrate is easily demonstrable under polarized light. How¬ 
ever, using mixed cultures, individual species could not be 
identified and only vegetative cytophaga cells could be 
recognized. (109). 
Cellulose agars employing ground up filter paper or 
various precipitated celluloses have been used as bases for 
the determination of cellulolytic capability. The criterion 
chosen TA?ith these substrates has been the formation of zones 
of clearing surrounding each cellulolytic colony (78). Wino¬ 
gradsky (58), using the same basic method, preferred silca 
gel to agar. Though many species produce clearing zones by 
elaborating extracellular cellulases, others have more tight¬ 
ly bound enzymes and do not exhibit this reaction (56). 
Since many species are strict aerobes it is usually necessary 
to provide a thin cellulose agar layer above clear agar in 
order to observe the zones (110). 
The use of soluble cellulose derivatives has found in¬ 
creasing consideration as an aid in determining the mode of 
action of cellulases. Reese et al. (92) used the production 
of reducing sugars by culture filtrates acting on various 
derivatives (carboxymethyl-, hydroxyethyl-, and methyl cellu¬ 
lose) to indicate degradation. They considered "cellulolytic” 
to mean capable of attack on "native” cellulose (filter 
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paper, cotton) vhile cleavage of modified celluloses T/Jas con¬ 
sidered activity (c.f.). The Cl-Cx scheme vas proposed 
to account for observed differences in the production of 1, 
-glucanohydrolases by diff-^>rent organisms. Action toward 
both "native" and modified cellulosic substances by "cellu¬ 
lolytic" organisms indicated the presence of both and 
activity, while "non-cellulolytic" species could still pro¬ 
duce activity. This separation of cellulolytic from non- 
cellulolytic was, however, not clearcut. Non-cellulolytic 
bacteria did not produce evidence of C^, but some non- 
cellulolytic fungi did. Cellulolytic bacteria such as Cellu- 
lomonas and Sporoc?/tophaga did not produce large amounts of 
reducing sugars, though cellulolytic fungi generally did. 
These authors also used a non-quantitative criterion for cel- 
lulase production, that of liquifaction of extremely viscous 
preparations of soluble derivatives. 
An alternate technique involving the use of soluble 
cellulose derivatives for the determination of cellulase 
activity is viscometry. Those who have developed this method 
(111, .112, 113) have generally utilized cellulase preparations 
from fungi, often supplied by commercial sources. The use 
of living bacterial cultures has not been reported. Cellulo¬ 
lytic ability is determined by a change in viscosity of the 
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substrate caused by a shortening of the linear anhydroglu- 
copyranosc chains (111). 
No consistent preference has been shovn for a particu¬ 
lar cellulose derivative by those ^ho have used more than 
one such material in their research. Reese et al. (92) 
seemed to favor carboxymethyl cellulose (CMC) because both 
degree of substitution and degree of polymerization could be 
varied and controlled more easily than hydroxyethyl cellu¬ 
lose (HEC). CMC -was also stable -when autoclaved at varying 
pH values. Wirick (113) stated, however, that CMC at a given 
substitution index (S.I.) levels offered greater protection 
to viscosity loss (was less readily degradable) than exam¬ 
ples of other water soluble cellulose ethers including HEC, 
hydroxypropyl cellulose (HPC) and methyl cellulose. Unfor¬ 
tunately, the latter ethers were not usually available at 
D.S. values as low as some CMC ethers. Thus, the least sub¬ 
stituted HEC tested had approximately 18^ unsubstituted an- 
hydroglucose (AHG) imits and two or more adjacent AHG units 
were required for rapid chain scission. Two CMC samples had 
62^ and 30^ unsubstituted AHG but required three or more un¬ 
substituted AHG units for chain breakage. It would seem 
from this data that some of the less substituted CMC might 
allow hydrolysis as well as most HEC which are of higher S.I. 
f 
28 
Another criterion for the determination of cellulolytic 
activity is that of loss of tensile strength of cellulose 
textiles (11^,115). The technique generally involved the 
placement of twisted cotton or rayon cord under plots of soil 
or bottom deposit and removal after periods of incubation for 
machine testing (116, 117). Went (108) has found that, even 
vith non-twisted regenerated cellulose, reproducible results 
were difficult to obtain. 
Other less direct techniques have been used to determine 
activity. Porter et al. (10?) monitored activity using mano- 
metric techniques devised by Umbreit (119). Norkrans (10^) 
used a turbidometric method to determine cellulose decomposi¬ 
tion. Using cellulose sol precipitated from cuprammonium 
solution, extinction values were determined for several pre¬ 
parations using the Lambert-Beer formulae. A decrease in ex¬ 
tinction value of the cellulose preparations, due to the ac¬ 
tion of cell-free preparations of celluloses, was compared 
with heat inactivated controls, and taken as a measure of 
cellulolytic activity. However, since the average size of 
the cellulose particles causing the extinction varied with 
the D.P., no correlation between dry matter and extinction 
t 
value v;as found to exist. 
Other substrates for cellulase determination have in¬ 
cluded oligoglucosides not necessarily ofA -1, 4-linkage. 
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Lichenin has been used by Fahreus (120), though the^-1, 3 
linkages •were not clearly established at that time. Whit¬ 
aker (121) used^-l, k oligoglucosides for his analyses. 
The current versions of the model for cellulase systems 
originally proposed by Reese et al. (92) now include pro¬ 
visions for so called ’bellobiased’ which can cleave oligoglu¬ 
cosides higher than two AHG units (89, 98). However, it is 
probably a bit extreme to classify an organism in a cellu¬ 
lolytic genus solely on the basis of cellobiase utilization. 
This appears to have been the case of Cellvibrio polyoltro- 
phicus (85). 
Criteria for the characterization of cellulases have 
been proposed in detail by Whitaker (122). Methods for de¬ 
termining specificity, rates of activity, effects of various 
parameters of these rates, sites of attack on different sub¬ 
strate forms and mechanisms of hydrolysis were reviewed. 
All of these discussions assumed at least partial purifica¬ 
tion of the enzyme preparations. These criteria were not 
established to permit recognition that a particular culture 
was cellulolytic, but to determine the characteristics of the 
enzymes produced by previously recognized cellulolytic organ¬ 
isms . 
Criteria for the establishment of cultural purity of 
cellulolytic bacteria have been indicated by Hungate (7^)* 
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While proposed specifically for anaerobic bacteria, they may 
be applied to aerobic cultures. The criteria -were based on 
the ability of cultures to produce clearing zones in agar 
media containing finely divided cellulose. Cells from such 
colonies -were diluted and subcultured on solid cellulose 
media vith the numbers of nev colonies expected to corres¬ 
pond to the size of the inoculum and dilution factors. Con¬ 
sistency of colonial morphology vas checked by subculture 
using clear sugar agar media. Resultant colonies uere ex¬ 
pected to give rise to appropriate numbers of cellulose clear¬ 
ing colonies "when transferred back to cellulose agar. These 
criteria assumed that all cellulolytic bacteria tested vould 
grov and produce clearing zones, vould produce one colony 
forming unit per cell on cellulose agar, -would do so on sugar 
agar without losing the ability to produce clearing when re¬ 
transferred to cellulose. 
Three difficulties arise -with this system. First, not 
all cellulolytic species gro-w well on agar media, though re¬ 
duction of agar content seems to produce acceptable growth 
with most cultures. Secondly, not all may produce diffusable 
extracellular enzymes needed to give the effect of clearing. 
Finally, most cellulases seem to be inducible and their pro¬ 
duction, may be reduced if soluble sugars which can be 
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metabolized are introduced in the medium. Transfer back, to 
cellulose may give fe'wer than expected numbers if some cells 
are unable to readapt to cellulase production, thus giving 
the appearance of impurity. 
Most of the above methods and criteria have been applied 
to cell free systems derived from terrestrial organisms. Ap¬ 
plications to aquatic situations are lacking. Several in¬ 
vestigators have discussed the role of cellulolytic bacteria 
in water (e.g. 6^, 66, 123, 12^-, 125, 126), but most have re¬ 
lied on the decomposition of filter paper strips as sole cri¬ 
terion for cellulolytic activity. Other substrates and meth¬ 
odologies have been used, infrequently (116, 117). 
Though a variety of criteria exist, no set adequately 
defines the cellulose decomposing bacterial culture. What 
is needed is a consistency with respect to the definition of 
what is meant by "cellulose" and a consistency with respect 
to the nature of the alteration of the cellulose substrate 
which is accepted as " cellulolysis" ., 
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PRELIMINARl RESULTS AND RATIONALE 
The initial aim of this study vas to correlate the tech¬ 
niques used and information gained by those v/orking vith cel¬ 
lulolytic organisms in such a manner that this information 
might aid the detection of cellulolytic aerobic bacteria in 
various environmental situations. Rather than determining 
the specific characteristics of a species enzyme complement, 
a microbial ecologist is interested in the frequency of this 
organism’s presence in a specific environmental situation. 
Enzymological data helps provide an indication of the func¬ 
tional capability of the species, provided that species is 
found sufficiently frequently in the total microbial popula¬ 
tion of a particular environment to produce significant ef¬ 
fects. The problem nov; exists that the ecologist does not 
have as advanced a methodology for the determination of the 
presence of a cellulolytic species in particular habitats, as 
is possessed by the biochemist for determining that "which the 
organism might accomplish if it "were present. 
Some of the techniques used by biochemists "were examined 
to see if they could be modified or used outright to enable 
the microbiologist to observe cellulolytic bacteria obtained 
from field sources. Of most interest "were characteristics 
observable in the large majority of cellulolytic bacteria 
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likely to be encountered. Techniques T^/ere -wanted which, ini¬ 
tially, were non-discriminatory wioh respect to certain qual¬ 
itative aspects of cellulose-decomposing ability. It was 
not desired to separate immediately those organisms which 
possessed from those which did not, as long as both ex¬ 
hibited "Cx". Methods were needed which did not require ex¬ 
cessive manipulation of the viable culture. Finally, it was 
hoped that any methods which were adopted would retain the 
relative speed and accuracy inherent in many of the biochem¬ 
ical techniques. 
One device which initially seemed promising was the use 
of Cellulose A'zure (Calbiochem) which consists of an insol¬ 
uble cellulosic substrate to which has been coupled a blue 
dye that is released when the cellulose is attacked by micro¬ 
organisms. This is believed to be an indication that the 
cellulose chains have been sufficiently hydrolyzed to become 
soluble. Some of the cellulolytic cultures tested in this 
study proved incapable of causing dye release, while others 
caused release quite readily. Questions have been raised 
concerning the possible preferential hydrolysis of the dye 
linkage instead of the cellulose proper. The questions 
raised during those preliminary tests, suggested that this 
technique could not be pursued profitably for the purposes 
of this study. 
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A second method investigated vas the Glucostat (Worthing¬ 
ton Biochemicals). This technique employs glucose oxidase 
coupled to an indicator system to provide a colorimetric 
analysis for glucose in solution. It T^/as Believed that, 
since glucose may he produced from the hydrolysis of cellu¬ 
lose, it could he measured as an indicator of cellulase ac¬ 
tivity. This had been done previously using fungal enzyme 
sources (I27). Barely detectable amounts of glucose have 
been obtained from the organisms in preliminary tests. It 
is believed that this "was due either to the production of 
higher homologs, such as cellobiose or cellotriose, to vhich 
Glucostat TA/ill not respond, or to the immediate uptake of 
glucose from the hydrolyzed cellulose by viable cells. Both 
mechanisms may have been operative. 
Another technique vhich -was examined vas similar to one 
used by soil microbiologists. An attempt ^was made to devise 
a workable perfusion system for the investigation of cellu- 
lolysis by bacteria. Such systems might provide an artifi¬ 
cial environment more like that found in aquatic situations 
than ordinary laboratory culture methods. Except for the 
use of acid cleaned pure quartz sand, the system uas other¬ 
wise similar to those used for soil perfusion (128). In the 
system used, a predetermined amount of cellulosic materiel 
was ground and mixed with the sand and placed in the per- 
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fusion column. The entire unit vas sealed and all outlets 
plugged vith cotton. Media vas aui:oclaved in the separator/ 
funnel portion of the assembled apparatus or vas sterilized 
separately and added to the system aseptically, depending on 
the medium required. 
The technique T^Jas designed such that tvo separate indi¬ 
cators of cellulolytic activity might be obtained vjith one 
setup. The fluid percolating through the cellulose-sand mix 
v/ould contain hydrolysis products "which might be detected by 
reducing sugar or glucose analyses. Gravimetric analysis of 
the column material T^/ould give another means of determining 
decomposition. 
Bacteria "were inoculated via syringe and eventually 
•were believed to become located primarily -within the column 
portion -where places of attachment existed similar to those 
found in aquatic habitats (sand grains, detritus, etc.). 
Membrane filtration of the reducing sugar aliquot removed 
unwanted cells remaining in suspension. 
The technique failed for a multitude of reasons. First, 
it -was too easy to contaminate the apparatus. Fluctuations 
in the vacuum source caused overflo-ws at the sample outlet 
thus providing an entry portal for contaminants. Partial 
disassembly of the apparatus for any reason could produce 
contamination, even "with the greatest of care. The time 
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involved in operation of the system enhanced the difficulty 
of monito-’^ing the fluid levels and could allov contaminants 
to overwhelm the inoculated species. 
It vjas not possible to get a 'workable system for measur¬ 
ing reducing sugars vhen growth media were present. Either 
the media chosen did not support a sufficient proportion of 
the cellulolytic species chosen, or they interfered with the 
Somogyi-Nelson (129} 130) analysis procedure used during 
these preliminary studies. Since the interference problem 
was later corrected by modification of the colorimetric anal¬ 
ysis procedure it is possible that medium problems might 
eventually have been solved, but they were not pursued due 
to the combined effects of all the difficulties encountered 
with this analysis system. 
Finally, cellulose did not remain in the column even 
when plugged with glass fiber. Filters, which might have 
been used to prevent the migration of cellulose particles, 
would have entrapped bacteria as well, clogging, and causing 
failure in the circulation of the system. Removal of the un¬ 
wanted weight of bacterial cells would have been difficult. 
Thus, errors would be introduced due to loss of cellulose in 
suspension, if unfiltered, or addition of microbial weight 
whether filtered or not. It was not possible to solve enough 
of the above, and other problems to make the perfusion 
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system •workable although, it is felt that such a system might 
be perfected -which would provide valuable information on 
rates of decomposition or total decomposition of cellulosic 
materials as affected by various parameters. 
During the process of attempting to develop the above 
methods, it was recognized that each one seemed to be based 
on a different criterion for cellulolytic activity and could 
be applied only to those organisms which satisfied that par¬ 
ticular criterion. There did not seem to be a consistent 
set of criteria for all aerobic mesophilic cellulolytic bac¬ 
teria. let, it seemed that this group of organisms should 
have a great deal in common. Therefore, it was decided to 
concentrate on finding these commonalities, if they existed. 
The problem was approached in the following manner. Of¬ 
ten, these species are placed in genera which are almost ex¬ 
clusively cellulolytic. Therefore, it was thought that by 
choosing among these active species and by comparing their 
activities toward various cellulosic substrates under similar 
conditions with the activity, or lack thereof, exhibited by 
related forms not generally recognized as cellulolytic, one 
could discover some areas of similarity which might provide 
bases for development of uniform criteria. Of interest would 
be the activity of these organisms as they might be observed 
by a researcher attempting to discriminate between 
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cellulolytic and non-cellulolytic forms ne-wly obtained from 
certain environments. Therefore, maximum biochemical activ¬ 
ity of enzyme preparations vas not of greatest concern since 
they vjould not necessarily reflect the function of these 
organisms in the particular environmental situations con¬ 
sidered. 
Due to restrictions resulting from a decision to employ 
viable cultures, relatively fev biochemical techniques T^/ere 
found to be useful for these studies. The use of techniques 
vhich measure specific end products vould have limited value 
due to potential uptake of these products. It -was decided 
to concentrate on changes in the physical properties of the 
substrate as focal points for analyses. Techniques requiring 
specialized equipment, such as X-ray diffraction apparatus, 
vhich 'Would not likely find routine use for ecological stud¬ 
ies, vere considered impractical and vere not investigated. 
The availability of adequate substrate material -was found 
lacking for tensile strength analyses (108). Although rela¬ 
tively imprecise, gravimetric methods seemed to give con¬ 
sistent data over the years. Viscometric techniques for 
soluble forms of cellulose seem to be gaining favor recent¬ 
ly and appeared to be readily adaptable to viable cultures. 
On the basis of the above considerations, a variety of 
aerobic mesophilic bacteria, reported to be cellulolytic. 
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and some related non-cellulolytic species vjere tested versus 
a variety of cellulosic materials using four techniques: 
gravimetry, viscometry, respirometry, and reducing sugar 
analyses. Responses by the various organisms to the test 
procedures vere observed and categorization of the test cul¬ 
tures based on these results -was suggested. 
ho 
KATERIALS AND METHODS 
Test strains. Cultures of the follov/ing atrains v/ere 
employed for these investigations. The majority of them vere 
obtained from the American Type Culture- Collection (ATCC) 
and are so designated by ATCC identification numbers; 
Arthrobacter globiformis (Dr. R. Walker, Univ. of Mass.) 
Bacillus aporrheus ATCC 9500 
Bacillus cereus TPr. H. Gunner, Univ. of Mass.) 
Bacterium bibulum ATCC 483 
Bacterium liquatum ATCC 485 
Cellulomonas fimi ATCC 484 
Cellulomonas flavigena ATCC 482 
Cellulomonas gelida ATCC 488 
Cellulomonas uda ATCC 491 
Cellvibrio fulvus ATCC 12120 
Cellvibrio gilvus ATCC 13127 
Cellvibrio polypItrophicus ATCC 1477^ 
Cellvibrio vulgaris ATCC 12209 
Cytophaga hutchinsonii (Dr. R. Walker, Univ. of Mass.) 
Cytophaga .johnsonii ATCC 17061 
Pseudomonas fluorescens ATCC 11250 
t^seudomonas fluorescens var. cellulosa ATCC 13042T 
The nomenclature of several of these species is subject 
to question. The Bacterium spp. are no longer considered to 
be distinct entities (69) but are still listed as separate 
from the corresponding Cellulomonas species in the 1970 edi¬ 
tion of the ATCC catalog. Bacterium bibulum is believed to 
be a variety of Cellulomonas gelida vhile C. fimi and Bact 
liquatum are considered synonymous. Cellvibrio polyoltrophi- 
cus is a provisional name for a soil vibrio •which uses cel- 
lobiose as •well as various polyhydric alcohols as carbon 
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sources (85). R.Hugh has suggested that Pseudomonas fluores- 
cens subsp. cellulosae may be an Alcaligenes sp. (132). This 
organism appears variously in the literature as a subspecies 
or variety -with corresponding endings for ”cellulosa(e)" . 
Similarly the specific names for the cytophagas used may have 
an "ii" or "iae" ending. 
ATCC cultures \jeTe revived according to instructions 
supplied •with the cultures. Ho-wever, to ensure that an en¬ 
tire culture would not be lost if an initial attempt failed, 
part of the pellet provided was not rehydrated immediately. 
Frequently, media suggested for rehydration were not appro¬ 
priate for development of cellulolytic activity. Subsequent 
transfer to the more appropriate medi'um often resulted in 
failure of the culture. Therefore, it was found feasible to 
start cultures using media designed for development of cel¬ 
lulolytic ability slightly modified with 0.05^ cellobiose in 
addition to filter paper. Since, with the exceptions of the 
cytophagas, all the ATCC cultures were supplied as rather 
large pellets contained in double vials, the dried cultures 
could be fragmented by agitation of the stoppered inner vial 
or manipulation with a sterile inoculating loop, each frag¬ 
ment being more than sufficient to start a culture. Restart¬ 
ing was done frequently when cultures "died” out or when 
cultural purity was in question. 
The follo'wing grov/th media vere employed. Cultural 
specificity is indicated: 
Medium #1 Peptone Broth (ATCC medium 31) 
Peptone (Bacto) 5 g 
Distilled vater 1 liter 
A strip of filter paper or Hercules Chemical Cotton 
is immersed in a container (tube or flask) such that 
a portion of the cellulose is alvays above the air 
liquid interface. 
Medium 2 Cytophaga medium (modified Bolds basal medium) 
NaNOQ 
CaClp 
MgSO^.yHpO 
KoHPOl^. 
NaCl 
Trishydroxylmethyl- 
aminomethane, pH7.6 
HpO 
EDTA (50 g) and KOH 
(31g) in 1 liter HpO 
75.0 g 
3.32g 
7.5 g 
7.5 g 
2.5 g 
50.0 g 
1 liter 
1ml 
Trace elements 
ZnS04.7H20 8.82g 
MnClp.^HpO l.V+g 
M0O3 o.7lg 
CUS04.5H2O 1.57g 
C0NO3.6H2O 0.49 
tne aoove aissolved 
in 1 liter HpO 
FeSOu. 7H20(4.98g) in 
1 liter H20(acidified 
1 ml H2SO^./999nil HpO 1ml 
H^BO^(11.42 gm/liter) 
Trace elements 
cellobiose 
1ml 
1ml 
0.005g 
1 strip cellulosic substrate as in Medium #1 
^3 
Medium #3 ^east Extract Medium (ATCC medium #112) 
K2HPO4 
MgSOL|. 
Yeast Extract (Difco) 
Tap water 
1-0 g 
0. 5 g 
10.0 g 
1 liter (for Cyt. .iohnsonii) 
Medium #4 Morris' medium (modified) (I38) 
K2HPOL 
KH2PO4 
KNO^ 
MgS04.7H20 
TeClo 
CaCl2 
H3BO3 
MnCl4.4H 0 
CUSO4•5^20 
NaMo34.2H2O 
(Co(NH:>)6) CI2 
ZnSOj^, zH^O 
cellobiose 
H2O 
7 
3 
4 g 
0* 2 g 
O' •Olg 
O' ̂ Olg 
5- •6 mg 
3' '7 mg 
0- ► 4 mg 
1. •5 mg 
0. >6 mg 
0. •5 mg 
2 gm 
liter 
cellobiose is replaced by cellulose strip for 
decompositio studies (for A. globiformis) 
Medium #5 Owens and Keddies' medium (79) 
(1111^)2^04 
K2HPO4 
KH2PO4 
CaClp 
MgS04.7H?0 
NaCl 
Trace minerals 
Substrate and Growth 
cellobiose 
Thiamine HCi 
Ca pantothenate 
nicotinic acid 
vitamin B j_2 
biotin 
0< 
1 
0 
0 
0 
0 
3 
5 g 
'04g 
75g 
025g 
2 g 
1 g 
ml 
Trace minerals 
EDTA 
ZnSOl^ • yHpO 
MnSOn.^HpO 
FeS0^17Hp0 
CoClp.eHpO 
CuSOk.5H2O 
Factors^ 
2*0 g 
500 g 
500 g 
500 g 
2 g 
1 g 
NaMoO^.. 2H2O 
EH 
HpO 
5-0 g 
2.2 g 
0.57g 
0.5 g 
0.161g 
0.157g 
0.151g 
1>liter 
6.8 
(for Cellulomonas spp. but served well for all but Cv. 
fulvus. Cv. polvoltroohicus and pseudomonads) 
^These six were added aseptically after autoclaving. 
Medimn #6 Dubos’ mediiuri (37 
NaNO:, 
KpHPdu 
MgS0l^.T7Hp0 
KCl 
FepCSOi^.) 3-9HpO 
distilled H2O 
0.50 g 
1-0 g 
0.50 g 
0.50 g 
0.01 g 
1 liter 
Medium #7 Fuller and Norman's (133) 
NaNOp 
MgClp6HpO 
Yeast Extract (lOg/lOOml) 
HpO 
(for B, aporrheus) 
1 g 
1 g 
0.5 g 
0.5 g 
10 ml 
1 liter 
Medium #8 Hulcher and King's (63) 
NaNO-. 
KCl 
KpHPOk 
MgSOL 
HpO 
0.5 g 
0.25.,g 
0.25 g 
0.5 g 
1 ' liter 
cellobiose 2.0 g 
carboxymethyl cellulose 4.4 g 
Yeast extract 1.0 g 
enzymic casein hydrolyzate 5*0 g 
The cellobiose, yeast extract and casein nydrolyzate vere 
added aseptically as solutions, 
(for Cellvibrio gilvus) 
In al] the above media cellulose strips or carboxymethyl 
cellulose "were the prime carbon sources with cellobuose 
added to help start or maintain cultures. When used for 
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viscometric assays, the media contained 0,2% CMC. For gravi¬ 
metric studies the amount of cellulosic substrate varied 
from 0.3-1.0 grams per 100 milliliters. Since these “were 
>;ater insoluble materials the amount of available cellulosic 
matter varied -with the decomposing ability of each test or¬ 
ganism. 
After successfully starting and subculturing the ATCC 
organisms in suggested media, cultures vere transferred to 
media -with the sole carbon source being a cellulose strip. 
The cellvibrios require organic nitrogen or vitamin supple¬ 
ments either of vhich probably contained some non-cellulosic 
carbon. These species did not groT/j -well in the medium fa¬ 
vored by the majority of the other species. Medium #5. Me¬ 
dia #1, #7 or #8 vjere therefore used for Cellvibrio spp. 
Pseudomonas species preferred. Dubos' (#6) or peptone (#1) 
to medium #5 but -were viable in the last medium. Bacillus 
aporrheus did not grov veil in any medium including that 
vhich vas used for its original isolation (#7). 
Reference cultures vere maintained in test tubes con¬ 
taining a cellulose strip and the most favorable medium. No 
soluble carbon source vas intentionally provided during main¬ 
tenance of a period of months. Storage temperature vas 
and incubation temperature vas 26C. 
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Substrates. The following cellulosic substrates -were 
used for these studies; 
Insoluble. 
Rav/ cotton linters (Hercules Inc.) 
Solka Floe (Bro-wn Co.) 
Hercules Chemical 
Cotton (Hercules Inc.) 
Grade PS33 (D.P. 600) PlHS-43 (D.S. 0.4-0.16) 
PSl4 (D.P. 1000) 
PS21 (D.P. 1500 
Filter paper (Whatman) 
Soluble. 
Hercules Cellulose Gum (Hercules Inc.) 
Grade CMC 4H1 (D.P. 1000 D.S. 0.4) 
CMC 7H (D.P. 1000 D.S. 0.7) 
CMC 7L (D.P. 300 D.S. 0.7) 
CMC 7M (D.P. 500 D.S. 0.7) 
CMC 9M8 (D.P. 500 D.S. 0.9 
The list of insoluble substrates includes both vood 
(Whatman filter paper and Solka Floe) and cotton celluloses 
(Hercules Chemical Cotton and rav linters). Approximate 
polymerization values for three of the substrates -were ob¬ 
tained from the manufacturers and are indicated above. Rav 
linters are shorter than natural cotton fibers, but the D.P, 
values are larger than the processed celluloses though no 
data is available since D.P. is variable. No D.P. estimates 
have been obtained for the vood celluloses. A substituted 
ethylhydroxyethyl cellulose was also used. Substitute val¬ 
ues are shown above. 
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Soluble carboxymethyl cellulose substrates covered a 
vide range of D.P. and D.S. values. Preferential utiliza¬ 
tion of substrates vith respect to either or both of the a- 
bove variables vas possible using a series of substitutes. 
Hercules Inc. provided extensive data concerning physical 
characteristics of its CMC materials, thus aiding in the 
selection of materials for this study (I3I). 
Viscometric determinations. The viscometric technique 
is most commonly employed for use vith soluble cellulose 
substrates. It relates the reduction in viscosity of a cel- 
lulosic solution vith the reduction of chain length (D.P.) 
due to hydrolytic action of cellulases on the cellulosic 
substrate. The usual technique employed involves the ex¬ 
traction of the cellulolytic enzymes from their source and 
their introduction to a solution of cellulose derivative in 
a supporting medium. The reaction usually is allowed to 
take place in the reservoir of a viscometer such as those of 
the Ostvald or Cannon types. These instruments measure vis:- 
cosity as a function of the efflux time for the meniscus of 
the fluid. The viscosity of a sample can be computed by the 
comparison with a standard solution under identical condi¬ 
tions . 
For these studies, quantities of growth media appropri¬ 
ate to the species being investigated, were prepared using 
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one of the carboxymethyl celluloses added as sole carbon 
sources at 0,2% concentration (^/V). Two hundred ml. of media 
were distributed into a 3OO ml. Ehrlenmeyer flask and ster¬ 
ilized by autoclaving. Replicate flasks were prepared to 
allow for at least one uninoculated control per batch of 
fresh media as well as additional inoculated flasks. 
Capillary viscometers of the Ostwald or Cannon-Fenske 
type were used. Five ml. aliquots were used for viscosity 
determinations. After the fluid level had been raised above 
the upper reservoir by the application of suction, the efflux 
time for each aliquot was determined as the time required for 
the meniscus to pass by two engraved marks delimiting the 
ends of the upper reservoir. Temperature was maintained at 
26C which gave a value of approximately 50 seconds for the 
efflux time for water or mineral solution in each of the 
three viscometers employed. 
After determination of the initial viscosity of uninocu¬ 
lated samples, the remainder of each was inoculated with 2 
ml. of a six-day liquid culture of the strain to be observed. 
The inoculated sample was immediately tested for any change 
in efflux time. After each determination the viscometer was 
emptied and cleaned in a solution of 5% NaOH in 95^ ethanol. 
Because of the time required to ensure cleanliness of the ap¬ 
paratus, readings were separated by at least eight hours. 
^9 
since the same instrument had to be used -with a particular 
sample flask. If a rapid early viscosity decrease -were ob¬ 
served greater than could be accounted for by the addition 
of less viscous fluid during inoculation, readings of the 
same aliquot vere made on a continuous basis for up to four 
hours, after -which readings -were discontinued until the in¬ 
strument had been thoroughly cleaned. Otherwise, readings 
were taken daily, when possible, using fresh aliquots for 
each determination, until little or no positive change was 
noted on two successive daily operations. Readings were con¬ 
tinued if such observations were noted within the initial 
three day period since lags or other fluctuations were found 
to be occasional during preliminary testing of the system. 
Change in viscosity of a sample was calculated in the 
following ways: 
Reciprocal Specific Viscosity (1/?) ). The calcula- 
* 
tions for this value were; 
1/= V 
Tq = the efflux time of the solvent, which was water, 
at time t 
T (or T ) = the efflux time of the solution at time t 
® t 
Percent Change in Efflux Time (^AT), The calcula¬ 
tions for this value were: 
%AT = (Ti-Te)/fTi^-To) X 100 
/ 
sarae as above 
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Tg = same as above 
Tn- = initial efflux time of the solution (or -when e 
t = to) 
Reducing sugars determination. Methods exist vjhich 
measure properties vhich indirectly relate to the decomposi¬ 
tion of the substrate. The reducing sugar analysis is a 
frequently employed technique T/jhich uses this approach. The 
rate of increase in reducing ends can be related to the rate 
of increase in cleavage of polyanhydroglucose chains. 
The analytical procedure chosen for this study vas a 
modification of the method of Nelson (129) as modified by 
Somogyi (I30) for colorimetric analysis. Interference by un 
knovn components of the various growth media used 1^/as ob¬ 
served vjhen initial attempts -were made to use the basic 
Somogyi-Nelson technique. The modifications indicated belov 
vere attempts to eliminate the effects of such interference. 
Tv/o ml. of copper reagent -were added to 5 ml. of test 
sample, media blank and reference sample containing glucose 
at a concentration similar to that expected in the test sam¬ 
ple. The tubes v/ere mixed and imiTiersed in a boiling v/ater 
bath for t^^n minutes after v/hich they -were removed and im¬ 
mersed in a room temperature "water bath and allo'wed to cool. 
Two ml. of arsenomolybdate color reagent vere added to each 
tube. The tubes vere mixed, vjater was added to bring the 
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final volume to 25 ml. and the tubes -were allowed to stand 
for 15 to 40 minutes as in the basic method. A precipitate 
generally formed in each tube after mixing and settled to 
the bottom "within a few minutes. After color development 
v/as complete an aliquot from the surface of each tube -was re 
moved for determination of optical density at 500 nanometers 
Alternatively5 the contents of each tube "were filtered 
through glass fiber filters of one micron approximate pore 
diameter. The latter method had the advantage of giving a 
larger number of usable aliquots per 25 ml. sample but re¬ 
quired more equipment and greater time. Both techniques ap¬ 
peared to result in the same values of optical density for 
reference samples. 
Another reducing sugar analysis technique "Which -was 
briefly employed "was that of the Glucostat (Worthington Bio¬ 
chemical Corporation). As mentioned earlier (p. 3^) this 
method measures only glucose ("i>/ith certain special excep¬ 
tions). The Glucostat system is a coupled colorimetric en¬ 
zymatic assay for ^-D-glucose using glucose oxidase and per¬ 
oxidase as the enzyme system as follo"ws: 
glucose oxidase 
glucooe + O2 + H2O -^H202+ gluconic 
acid 
peroxidase 
H2O2+ reduced chromogen_oxidized 
chromogen 
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The technique used vas that described in the instruc¬ 
tions accompanying the Special Glucostat as used by Meyers et 
al. (116) when they examined marine fungal cellulolytic ac¬ 
tivity. No modifications were made to this method. As in¬ 
dicated previously, little glucose was detected, and this 
method was not used after preliminary testing was complete. 
jt 
Gravimetric determination. The gravimetric method is a 
basic technique for measuring decomposition of insoluble 
cellulosic substrates which has been favored for quantita¬ 
tive analyses over the years since it involves a direct de¬ 
termination of change in the physical state of the substrate. 
For these studies cellulosic substrates were ground to 
a powder form in a Wiley mill, were used as strips or were 
used in a ’’natural" state (cotton linters). 
Substrates and filters were dried and tared in aluminiim 
weighing dishes. Reeve Angel 93^ AH glass fiber filters 
having approximate pore diameters of one micron were used. 
Substrates were placed in flasks, autoclaved and 200 ml. of 
appropriate sterile growth media were added aseptically. 
The flasks were then inoculated with the test cultures and 
incubated at 260 with rotary shaking. Zero time and steril¬ 
ity controls were uninoculated. Zero time controls provided 
an indication of filtration efficiency and any loss in dry 
weight which occurred was subtracted from the final dry 
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veight change for each set of flasks, thus giving a baseline 
reading of zero. 
Follo^wing incubation the contents of each flask vjas re¬ 
moved and centrifuged at 3000 r.p.m. (International centri¬ 
fuge) for ten minues. The supernatant vas decanted -with 
care to avoid loss of residue v/hich vas repeatedly -washed by 
centrifugation until the supernatant -was clear. The residue 
vas collected by filtration through the glass fiber filters. 
It -was vashed until few bacteria could be detedted in the 
filtrate microscopically at which time both filter and resi¬ 
due were returned to the original weighing dishes and dried 
overnight at SpC. After being allowed to cool to a constant 
weight, final determinations were made using a Mettler bal¬ 
ance. Percent change in dry weight was determined in the 
following manner; 
(Wf - Wq)/ Wq X 100 = ^ w 
W = dry weight, o = original, f = final 
Hanometric determination. The uptake of oxygen or re¬ 
lease of carbon dioxide have been used to monitor respira¬ 
tion and, indirectly, enzyme activity of microbial prepara¬ 
tions for some time (119). Porter et al. (105) used res- , 
pirometry to help measure the effect of trypsinization on- 
membranes of cell-ulolytic bacteria in order to locate the 
celluiases. In the studies presented here, manometry was 
used in conjunction •with viscometric analysis to observe cel¬ 
lulolytic activity. 
A Gilson Differential Respirometer "was used for all 
manometric studies. Operating techniques •were similar to 
those of other respirometric apparatus except that flasks 
and manometers •were interchangeable bet^ween experiments •with 
no flask constant computations required. 
Cultures vere maintained in a solution of the substrate 
to be used for respirometric studies for a period of six 
days. For ease of handling and relative ease of observation 
of viscosity change over a short period of time, Hercules 
Cellulose Gum 7^ "was chosen. An 0,2% solution of this sub¬ 
strate in Owens and Keddie's (79) mineral medium •was used to 
grov; cultures which were harvested and washed by centrifuga¬ 
tion. Cells were resuspended in M/50 phosphate buffer at a 
concentration of about 10 mg per ml. (dry weight base). 
Inoculated flasks contained either growth medium of buf¬ 
fer in one side arm, and KOH or no KOH in the center well 
for carbon dioxide absorption. One flask was uninoculated 
but had growth medium. A sixth flask was used in one experi¬ 
ment in which a nitrogen free medium was substituted for 
standard Owens and Keddie’s mineral solution in an attempt 
to gain some information concerning the formation of new 
protein, i.e. the possibility of induction of cellulases. 
After equilibration at 26C the reaction in each flask 
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vas started by allov/ing the culture to mix i^/ith growth media 
or buffer, and frequent readings vere made over periods of 
time up to nine hours. After the first readings, a visco¬ 
metric experiment vas begun using the same culture as the 
respirometric experiment and designed to run simultaneously 
vith it. 
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RESULTS 
Soluble subtrates. Data obtained from viscometric anal¬ 
yses of the decomposition of carboxymethyl cellulose (Hercules 
Cellulose Gum) by species of aerobic bacteria are presented 
in Tables 1 through 5« Table 1 and Figures 1 through 13 
shov; the results obtained using coryneform bacterial species. 
Six genera are represented; three Cellulomonas. tvo Bacterium, 
and one Arthrobacter species. The Arthrobacter sp. is the 
only one not commonly considered cellulolytic. The Bacterium 
spp. are probably variants of t\Jo Cellulomonas spp. (69). 
Figures 1 through 3 shov the effect of degree of sub¬ 
stitution (D.S.) and degree of polymerization (D.P.) of the 
decomposition of several carboxymethylcellulose preparations 
by three Cellulomonas species. The data is presented as 
reciprocal specific viscosity versus time in days. The slope 
of the curve in its steepest region represents the maximum 
rate of change of the reciprocal specific viscosity (lA)gp). 
This value (dd/T^gp)dt) has been computed for all cultures 
and is shovn in Table 6. It v/as obtained from numerical 
data by dividing the difference in values for l/>|sp ^’o^d to 
be in the steepest segment of the curve appropriate for each 
organism-substrate combination by the time differential in¬ 
volved. Not all curves for all test organism-substrate com¬ 
binations can be demonstrated to be linear over significant 
y 
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lengths of the steepest portions of these curves. Therefore, 
these d(l/'nsp)/dt calculations must be considered approxi¬ 
mate values in many cases. 
1 
Figure 1 sho\]s these results for C .-^f lavlgena. There 
appears to be little difference among the curves for the sub¬ 
strates having D.S. of 0.7 either for rate of change or maxi- 
miom change. In a similar manner data presented as percent 
change in efflux time (^AT) sho-ws little difference in rates 
of change and minor differences in total change of this value 
for 0.7 D.S. carboxymethyl cellulose. (Fig. h) Carboxy- 
methyl cellulose "with a D.S. of 0.^ appeared to be decomposed 
at a rate somev/hat faster than other carboxymethyl celluloses 
used by this organism vhen reciprocal specific viscosity vas 
used as a measure, but this difference vas deemphasized \}hen 
v/as plotted. Both methods shoved CMC 9M8 to be changed 
less rapidly and completely than the other substrates. Lags 
in the rate of decomposition for substrates 7L and 4H1 ap¬ 
pear vith both types of computation, but other lags shovn in 
Fig. 1 may be reflections of the differences in emphasis of 
the tvo methods used. Reciprocal specific viscosity curves 
tend to emphasize differences in large values vhile %AT em¬ 
phasizes differences in small values. 
^Cellulomonas. 
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Figure 2 diagrams the viscosity change data for C. 
gelida. The graph for l/>|sp seems to indicate little dif¬ 
ference among the rates of decomposition or final values for 
the three substrates vith 0.7 D.S. An exception is the rap¬ 
id change vith CMC 7^ as substrate noted after four days. 
This change is suggested in the plot for ^AT (Fig. 5) but 
is deemphasized there. The change represents only a fe-w 
seconds decrease, and the drop noted'in both figures is al¬ 
so rather small. The differences between CMC ^-Hl and the 
other substrates are less dramatic for C. gelida than seen 
■with C. f lavigena. The graph for l/^^gp emphasizes the dif¬ 
ference between the change in CMC 9M8 and the other sub¬ 
strates. Lags are noted for most substrates, with negative 
values observed with CMC ^H1 and CMC 7L. The maximum rates 
of change with substrates 7L and 9M8 are not very different 
and in Fig. 5 the appearances of the curves for ^ AT have 
seom similarities. 
The data obtained with C. uda also shows the overall 
similarity of substrates with DS C.7) especially Cellulose 
Gums 7H and 7^. Neither rate nor maximum change of specific 
viscosity for substrate ^-Hl was very great (Fig. 3). This 
was also reflected in ^At (Fig. 6). Substrate 9M8 was 
utilized better by this organism than by the other two cel- 
lulomonads (Figs. 3 and 6). 
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Figures 7 through 11 shov direct comparisons of the- 
three organisms previously mentioned. These date indicate 
that, v/ith the exception of substrate 4H1, C. uda decomposes 
carboxymethyl cellulose more completely than the other t-wo 
organisms. This is shovn by the higher final values for 
1/hsp in Figs. 8 through 11 for C. uda. Cellulomonas 
flavigena produced somevhat higher values than C. gelida for 
most substances. Figure 12, TA?hich chovjs values of ^At for 
all coryneform bacteria and substrate 7H, indicates less ob¬ 
vious differences tha noted in Fig. 8 due to the exaggeration 
of high values by l/'?1sp Plots. 
On the basis of values found for both ^AT and lAjsp 
it -was decided that the most appropriate single carboxymethyl 
cellulose substrate for comparison among organisms vas 7H. 
Cellulose Gum 7^ gave similar data, however, and might be an 
equally useful substrate for this purpose. Most of the fol¬ 
lowing results for soluble substrates pertain to experiments 
using Cellulose Giom 7^. 
Three other coryneform bacteria were examined for abil¬ 
ity to decompose CMC 7^ in addition to the Cellulomonas spp. 
Data for Bacterium bibulum and Bact. liquatum. as well as 
the non-cellulolytic Arthrobacter globiformis are shown in 
Figs. 12 and 13. Cellulomonas gelida is included in Fig. I3 
as a comparison with the synonymous Bact. bibulum. The 
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Bacterium cultures do not appear to produce as rapid nor as 
complete a change in the substrate as the Cellulomonas cul¬ 
tures v/hile A. globiformis does not appear to produce any 
change in the substrate at all. 
Data for bacterial species belonging to the Pseudo- 
monadaceae are presented in Tables 2 and 3« The graphs of 
these data are shovn in Figs, ih through 16. Cellvibrio 
gilvus appears to be as active as some of the Cellulomonas 
spp. Despite several attempts it •was not possible to demon¬ 
strate activity toi/Jard CMC 7^ by the other t'wo cellvibrios 
much greater than that exhibited by the Arthrobacter sp. 
This is sho-wn both in Figs. 1^ and 16. 
Two pseudomonads •were examined and found to be nearly 
identical. Both have been assigned to the species Pseudo¬ 
monas fluorescens but one is considered a subspecies or var¬ 
iety vith special cellulolytic ability. Initial attempts to 
obtain decomposition by the cellulolytic variety -were not 
very successful (Table 3) but by modifying the gro-wth media 
and "training" the organism using low concentrations of cel- 
lobiose (87) and CMC 7H improved activity was found. Plots 
of the data obtained using the impr''^ved methodology for both 
varieties are shown in Figs. l4 and 15. The reciprocal spe¬ 
cific viscosity graph shows little more than that for the 
poorly effective cellvibrios but the^^AT plot separates 
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these into tvo distinct groups. HoiAjever, the data for these 
pseudomonads is not as indicative of active decomposition as 
that of the Cellulomonas or Cellvibrio gilvus presented in 
the same figures. 
Table 4 and Figs. I7 and 18 presented the results of 
ciscosity experiments using t-wo species of Bacillus. B. 
aporrheus is supposed to be a cellulolytic form and B. cereus 
a common non-cellulolytic species. The data show that B. 
aporrheus was less active than B. cereus though neither can 
be considered to have produced much change in the substrate. 
Finally, Table 5 and Figs. 19 and 20 give data obtained 
using cultures of Cytophaga spp. Cytophaga hutchinsonil was 
the most active species used in these experiments. Sub¬ 
strates 4H1 and 7H were both decomposed rapidly. Though the 
two curves seem to be superimposed in Fig. 20, initial vis¬ 
cosity differences caused a separation in the graph of l/rj^p* 
Substrate CMC 7^ was decomposed very rapidly but was followed 
for a very short time only so that completeness of decompo¬ 
sition is not known. CMC 9M8 was also decomposed rapidly at 
first but decomposition stopped after only one day. A non- 
cellulolytic but chitinolytic Cytophaga .johnsonii was sur¬ 
prisingly effective versus CMC 7^. The rates of change for 
Cyt. hutchinsonii were the highest for any test organism re¬ 
gardless of substrate employed (Table 6). That for Cyt. 
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.iohnsonii vas among the lover values found, but completeness 
of decomposition, as indicated by the highest values for 
l/'>lsp 5 "Was better than for most species except Cyt. hutchin- 
p 
sonii, Cv. gilvus and the cellulomonads. 
Attempts vere made to correlate the data obtained from 
viscosity change measurements vith other independent indi¬ 
cators of activity. One method involved the simultaneous 
analysis of viscosity change and the production of reducing 
sugars. A modified Somogyi-Nelson test vas employed for re¬ 
ducing sugar analysis, and the standard curve is shovn in 
Fig. 21. The range vas somevhat shorter than the standard 
Somogyi-Nelson procedure and values varied somevhat more 
than vhen distilled vater vas used as the diluent. The pre¬ 
cipitate vhich formed from the grovth medium after the boil¬ 
ing stage did not appear to interfere vith the accuracy of 
the test, except that extra steps vere required to remove 
the precipitate before reading in the spectrophotometer. 
When the analyses vere performed a single aliquot vas 
removed from the growth flask at the appropriate time and 
splitj half being used for viscometry, half for reducing 
sugar analyses. Data for three organisms tested in this 
manner are shown in Fig. 22. The organisms chosen were 
^Cellvibrio. 
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Cv. gilvus, a very active culture, Bact. Bibulum, a less, ac¬ 
tive one, and B. cereus, a relatively inactive organism. As 
can be seen in this Figure, the correlation among the curves 
is good vjhen reciprocal specific viscosity and reducing 
sugars are compared. A similar correlation -was found "when 
percent change in efflux time vas used as the viscosity mea- 
■ sure. 
Figure 23 shous another attempt at correlating viscosity 
change vith some other indicator of activity. It vas decided 
to determine if activity vas directly related to the basic 
metabolic activity of the organism in question es indicated 
by uptake in oxygen. For this purpose, simultaneous experi¬ 
ments involving respirometry and viscometry vere performed. 
Because of the nature of the methodologies involved, the data 
shovn in Fig. 23 represents tvo separate experiments per¬ 
formed at the same time using cultural material and substrate 
(CMC 7^) from the same sources, but not the same aliquot. 
The Figure shous that respiration begins to decrease 
very soon, even vhen substrate is present, suggesting the 
early exhaustion of a critical nutrient. For the duration 
of these experiments the viscosity change did not come to a 
halt. 
Insoluble substrates. Table 7 summarizes the data ob¬ 
tained vhen the decomposition of insoluble cellulosic 
6^ 
substrates vas examined. Observations lA/ere for periods of 
at least tvo ^^/eeks. The data indicates that, for most of 
the strains examined, there -were ten to t\jenty percent v/eight 
losses from most substrates tested. The three unsubstituted 
Chemical Cotton products '^ere decomposed to about the same 
degree by most species, although v/hen the three materials, 
PS l4, PS 21 and PS 33 "were directly compared, PS 1^ T^/as 
usually found to be least degraded. The hydroxyethyl cellu- 
lost sample PlHS-43 does not appear to have been favored by 
any species nor did it appear to be very inhibitory. Ra^w 
cotton linters produced high values from Cv. gllvus and Bact. 
liquatum but not C. flavigena. Solka floe vood cellulose vas 
attacked in a similar manner to the cotton celluloses. Cv. 
fulvus did not produce any decomposition the one time de- 
compostion of insoluble materials vas observed quantitatively 
and the health of this culture became suspect v/hen this data 
vas combined vith that for soluble cellulose derivatives. 
I 
i 
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TABLE 1. 
DECOMPOSITION OF CARBOXrMETHiLCELLULOSE 7H 
BX AEROBIC BACTERIAL SPECIES 
CORYNEFORM BACTERIA 
Time _ _ _ 1 Reducing 
Species Elapsed Tq T - T • ^ ^AT sugars 
(seconds)Jjg/^ml 
flavigena 0 min 
30 " 
^■8 hrs 
72 " 
96 " 
120 " 
I44 " 
53.8 397.6 
365.0 
81.8 
64.9 
62.5 
60.5 
60.5 
365.9 0.16 
0.17 
1.85 
4.85 
6.18 
8.03 
8.03 
9.5 
91.9 
96.8 
97.5 
98.1 
98.1 
c. 
gelida 0 hrs 
^■8 " 
72 " 
96 " 
120 " 
Ikk " 
168 
49.9 371.7 
176.0 
87.5 
71.2 
54.9 
66.4 
65.2 
324.3 0.16 
0.40 
1.33 
2.34 
9.98 
3.02 
3.26 
60.8 
88.3 
93.4 
98.4 
94.9 
95.2 
C- 
uda 0 hrs 
48 " 
72 " 
96 " 
120 " 
I44 " 
168 
5'+.3 328.9 
209.0 
176.9 
103.6 
61.6 
58.0 
57.3 
330.1 0.20 
0.35 
0.44 
1.09 
7.44 
14.68 
18.10 
43.7 
55.3 
82.0 
97.3 
98.6 
98.9 
Bact.3 
bibulum 0 min 
8 ” 
30 " 
1^- hrs 
38 " 
66 " 
112 ” 
49.7 468.6 
426.3 
370.3 
121.7 
84.8 
82.9 
77.3 
453.9 0.12 
0.13 
0.16 
0.69 
1.4l 
1.49 
1.80 
10.1 
23.3 
82.8 
91.6 
92.1 
93A 
0.- 
63 
135 
114 
127 
^Tq/T-Tq ^Cellulomonas ^Bacterium 
66 
TABLE 1. 
DECOMPOSITION OF CARBOXmETHZLCELLULOSE 7H 
BY AEROBIC BACTERIAL SPECIES 
CORYNEFORM BACTERIA (Continued) 
Species 
Time 
Elapsed T -^0 T 
(seconds) 
Tc 
<—1 Reducing 
^AT sugars 
>Wg/5ml 
t • 
bibulum 0 min 53.6 452.1 390.0 0.135 
15 " U5.3 0.140 4.2 
50 " 409.7 0.151 10.6 
6 hrs 300.3 0.217 38.1 
7 hrs 288.4 0.228 41.1 
25 " 293.0 0.224 39.9 
4^- 279.1 0.238 43.4 
105 181.9 0.418 67.8 
192 114.8 0.876 84.6 
216 112.0 0.918 85.3 
384 104.7 1.049 87.2 
Bact. 
liauatum 0 hrs ^9.7 350.1 369.6 0.165 
67 " 244.7 0.255 35.1 
85 " 240.1 0.261 36.6 
168 204.7 0.321 48.4 
216 189.6 0.355 53A 
264 178.3 0.386 57.2 
384 173.0 0.403 58.9 
Bact. 
liauatum 0 hrs 53.6 230.4 216.8 0.259 
18 " 214.8 0.281 8.8 
48 " 123.1 0.771 60.7 
114 " 82.3 1.867 83.8 
160 " 68.0 3.720 91.9 
A, globiformis^ 
0 hrs 53.6 389.5 400.1 0.160 
24 " 386.4 0.162 0.8 
110 393.8 
• ' 
0.158 -0.8 
4 ArthroLacter 
TABLE 2. 
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DECOMPOSITION OF CAKBOXIl-IETHZLCELLULOSE 7H 
BY AEROBIC BACTERIAL SPECIES 
VIBRIOID BACTERIA 
Time _ „ _ 1 Reducing 
Species Elapsed T T T 'Hsp ^aT sugars 
^L 
Cv. fulvus^ 0 hrs 
0 " 
18 " 
" 
114 " 
49.7 216.8 
220.1 
221.1 
218.6 
218.2 
221.3 0.252 
0.249 
0.247 
0.250 
0.251 
-0.6 
0.9 
1.1 
Cv. silvus 0 min 
15 " 
12 hrs 
60 " 
84 " 
114 " 
49.7 137.1 
130.2 
94.8 
54.5 
54.1 
54.0 
141.3 0.569 
O.6I7 
1.102 
10.354 
11.295 
11.558 
7.9 
48.4 
94.5 
95.0 
95.0 
107 
132 
70-100 
Cv. gilvus 0 hrs 
18 " 
76 " 
112 " 
160 " 
53.7 645.8 
213.8 
70.6 
69.3 
67.9 
646.7 0.091 
0.327 
3.177 
3.^2 
3.782 
72.2 
97.1 
97.3 
97.6 
17.5 
63-70 
245-255 
270-276 
254-271 
Cv. polyolt rophicus 
0 hrs 
16 " 
114 " 
192 
49.7 653.0 
679.5 
659.2 
679.8 
665.^ 0.082 
0.079 
0.081 
0.079 
-4.1+ 
-1.0 
-4.4 
Cv. polyolt rophicus 
0 hrs 
22 " 
48 " 
l44 " 
49.7 222.1 
220.3 
219.1 
213.5 
225.0 0.288 
0.291 
0.293 
0.303 
1.0 
1.7 
5.0 
Cv. polyolt; rophicus 
0 hrs 
20 " 
68 ” 
.20 " 
223.9 
220.2 
209.5 
210.7 
209.6 
225.9 0.315 
0.322 
0.344 
0.341 
0.343 
2.1 
8.4 
7.8 
8.4 
^Cellvibr io 
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TABLE 3. 
DECOMPOSITION OF CARBOXiMETHILCELLULOSE 7H 
BY AEROBIC BACTERIAL SPECIES 
PSEUDOMOIIAD BACTERIA 
Time 
Species Elapsed To T 
1 
"^sp 
Reducing 
sugars 
>wg/5ml 
Ps.l fluorescens 
var. cellulosa 
0 hrs 53.7 451.7 388.5 0.135 
6 " 423.7 0.145 7.0 
30 " 413.9 0.149 9.^ 
70 " 416.7 0.148 8.8 
125 " 400.9 0.155 12.8 
150 " 382.9 0.163 17.3 
I80 " 378.6 0.166 18.4 
Ps. fluorescens 
var.cellulosa 
0 hrs 53.6 397.2 577.0 0.156 
24 " 362.8 0.173 10.0 
52 " 289.3 0.227 31.4 
94 " 246.5 0.278 43.8 
120 " 222.3 0.318 50.9 
I46 " 206.3 0.351 56.6 
170 " 193.4 0.383 59.3 
222 •' 177.7 0.432 63.9 
312 " 162.3 0.493 68.4 
366 '« 151.4 0.548 71.5 
Ps. fluorescens 
0 hrs 53.6 439.8 448.7 0.139 
21 " 379.2 0.165 15.6 
44 " 324.7 0.198 29.8 
192 n 209.7 0.343 59.6 
312 .. 194.2 0.381 63.4 
Ip seudomone 
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TABLE 4. 
DECOMPOSITION OF CAREOXYIIETHYLCELLULOSE 7H 
BY AEROBIC BACTERIAL SPECIES 
BACILLI 
Time _____ 1 Reducing 
Species Elapsed T^ T * T^ ^^T sugars 
,,, ^ ,UR/5ml 
B.^ aporrheus 
0 hrs 
20 " 
68 " 
53.6 228.9 
232.6 
230.0 
231.1 0.306 
0.299 
0.304 
•
 
•
 
CM
 0
 
1 
1 
--■ 
B. aporrheus 
0 hrs 
24 " 
48 " 
72 " 
96 " 
216 " 
53.6 280.3 
274.3 
271.9 
265.6 
270.0 
262.6 
284.5 0.236 
0.243 
0.245 
0.279 
0.248 
0.283 
3.2 
3.7 
6.5 
^.5 
7.8 
B. cereus 0 min 
10 " 
17 " 
25 " 
32 n 
l4 hr s 
38 " 
62 " 
112 " 
53.6 436.8 
367.3 
364.3 
360.5 
360.0 
306.7 
302.3 
305.4 
305.7 
384.3 0.140 
0.171 
0.173 
0.175 
0.175 
0.220 
0.226 
0.222 
0.221 
18.1 
18.9 
19.9 
20.0 
33.9 
35.1 
34.3 
34.2 
15Mg 
20Mg 
60jag 
nr Opg 
/xrlO>ig 
^Bacillus 
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TABLE 5. 
DECOl^OSITION OF CARBOX^METH^LCELLULOSE 7H 
BY AEROBIC BACTERIAL SPECIES 
CYTOPHAGA 
Time 
Species Elapsed T - T ■^0 T c 
1 
^sp 
^At 
Cvt.^ hutchinsonii 
0 min 49.7 376.0 380.2 0.153 
7 " 366.6 0.157 3.2 
13 " 363.0 0.159 4.0 
25 " 354.8 0.163 6.5 
1 hr 25 " 330.8 0.178 14.1 
8 hrs 215.8 0.300 49.1 
20 " 82.4 1.528 89.9 
68 " 59.3 5.242 97.2 
102 " 57.6 6.385 97.6 
117 " 57.5 6.467 97.6 
Cyt. .iohnsonii 0 min 49.8 375.8 380.2 0.153 
6 " 382.0 0.149 -2.1 
14 " 372.5 0.154 1.1 
25 " 370.8 0.155 1.5 
40 " 369.8 0.156 1.8 
24 " 251.7 0.247 38.1 
48 " 149.6 0.499 66.3 
80 " 97.6 1.042 79.5 
95 " 87.1 1.335 88.5 
118 " 81.8 1.556 93.2 
142 " 77.9 1.772 94.4 
172 " 75.0 1.976 95.3 
220 " 70.8 2.371 96.6 
262 " 69.4 2.541 97.0 
^ytoD ric 
71 
TABLE 6. 
CHANGE IN RECIPROCAL SPECIFIC VISCOSITY 
Species Substrate 
(Cellulose Gum) d(l/7isp)/dt 
Time 
range 
(hrs) 
C. gelida 4hi ■ 0.068 ^-6 
7H 0.318 2k 
7M 0.036 kS 
7L 0.024 72 
9M8 0.023 2k 
C. flavisena 4H1 0.331 26 
7H 0.063 96 
7M 0.123 k8 
7L 0.065 72 
9M8 0.005 216 
C. uda 4H1 0.003 288 
7H 0.283 ^8 
7M 0.305 72 
7L 0.193 60 
9M8 0.059 2k 
Bact. bibulum 7H 0.04l Ik 
Bact. lia-Qatum 7H 0.040 2k 
A. Hlobiformis 7H 0.000 2k 
Cyt. hutchinsonii 4hi 2.56 2k 
7H 0.750 68 
9M8 0.439 72 
7L 0.337 9.25 
Cyt, .iohnsonii 7H 0.016 172 
Cv. fulvus 7H 0.000 48 
Cv. gilvus 7H 0.163 60 
Cv, polyoltrophicus 7H 0.001 44 
B. aporrheus 7H 0.001 72 
B. cereus 7H 0.006 14 
Ps. fluorescens 7H 0.001 216 
Ps. fluorescens 
var. cellulosa 7H 0.001 366 
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TABLE 7. 
DECOMPOSITION OF INSOLUBLE SUBSTRATES 
BY AEROBIC BACTERIAL SPECIES 
Species Substrate 
Weight 
loss 
. mg 
% 
Weight 
loss 
Days 
C. flavisena PSl4 112.7 11.3 15 
PSl4 39.0 7.8 14 
PS21 96.1 18.9 14 
PS33 82.2 16.4 20 
PS33 94.2 18.7 14 
PIHS-43 39.0 7.7 14 
Solka Floe 88.0 17.6 14 
rav linters 55.1 10.9 14 
C. uda PS33 68.2 13.6 20 
B. liauatum PSl4 55.0 10.8 14 
PS2I 105.1 20.8 14 
PS33 55.1 10.9 14 
PIHS-43 87.3 17.1 14 
Solka Floe 88.0 17.6 14 
rav linters 370.4 48.8 14 
Cv. Eilvus PSl4 42.2 8.4 14 
PS2I 127.0 25.4 14 
PS33 184.9 37.2 14 
PIHS-43 77.0 15.4 14 
Solka Floe 88.0 17.6 14 
rav linters 156.9 31.4 14 
Cv. fulvus pihs-43 -7.1 -2.0 14 
Cyt. hutchinsonii 
PIHS-43 86.0 25.7 14 
» 
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DISCUSSION 
There is no operating definition of a cellulolytic hac- 
teriiom that can be applied to all strains reported to be cel 
lulolytic. There appear to be several reasons for this dif¬ 
ficulty. To a large extent, the lack of clarity surrounding 
the nature of the substrate hinders further progress in for¬ 
mulating an all encompassing definition for cellulolytic bac 
teria. Such a vide variety of substances have been called 
"cellulose" and used as substrates for the study of cellulo- 
lysis that the vord cellulose has lost almost all meaning. 
It is necessary to refer to "cellulosic materials" and des¬ 
cribe in sufficient detail cellulosic substrated before one 
can make judgements on experimental research concerning the 
process of cellulolysis. Some have suggested (92) that a 
uniform standard substrate be established to aid research, 
but current knowledge does not seem to permit such a choice. 
Does one use the same substrate to study cellulolytic fungi 
as veil as cellulolytic bacteria or invertebrates? Should 
aerobic and anaerobic species be treated the same? Should 
natural habitat be considered in the selection? Hov does a 
refined substrate such as filter paper relate to the form of 
cellulose likely to be found in the A horizons of soil? Is 
cotton an "abnormal" substrate for species not found near 
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cotton plantations? Hov "■unnatuiral” are the substituted 
soluble cellulosic materials? These are some of the ques¬ 
tions ^hich must be answered before the selection of standard 
cellulosic substrates can be accomplished. 
As implied above, the cellulase systems of various or¬ 
ganisms are different. Most systems which have been isolated 
and characterized seem to have the basic components of the 
Cf-Cx model proposed by Reese et al. (92). However, suffi¬ 
cient differences have been observed in these systems to in¬ 
dicate that fouatt’s (^-6) caution against the formulation of 
a composite model for all cellulase systems should be heeded. 
For example, the activities of the majority of well des¬ 
cribed cellulase systems seem to involve a random internal 
cleavage of the linear anhydroglucose chains of the substrate; 
but the enzyme system of at least one species, Cellvibrio 
gilvus. seems to have a component which has a specificity for 
endwise attack (98). Care should be taken in categorizing 
the differences between types of cellulose systems by the 
association of the terms "weathering” and "hydrolytic" with 
those of "random" and "endwise", since the former refer to 
observations obtained with whole cells and the latter refer/ 
to characteristics of enzymes in cell free systems in which 
components within the systems may differ in mode of attack. 
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The bulk of the current literature seems to be directed 
tovard examination of the characteristics of an increasing 
number of cell free cellulase systems. Such an approach is 
helpful because, as the number of different cellulolytic or¬ 
ganisms examined increases, the intricacies and subtle dif¬ 
ferences among the many systems ■will be revealed. Ho'wever, 
the information gathered •will be of limited immediate use¬ 
fulness to microbial ecologists since there is no necessary 
correlation betiA/een the activity of the enzyme extracts of 
cellulolytic species and their performance in native habi¬ 
tats. Some cellulases may not function in cell free systems, 
since many of bacterial origin appear to be tightly bound to 
or part of the cell envelope (88, 103, 135)* Conversely, 
the activity of crude extracts is almost al'ways lo-wer than 
that of purified enzymes. The influence of environmental 
factors on the cellulolytic capability of an organism cannot 
be completely deduced from data obtained using the cell free 
enzymes derived from that organism. 
Although both the cell free and viable culture approach¬ 
es are necessary to elucidate the role of cellulose decom¬ 
posing bacteria in nature, the literature seems to be lack¬ 
ing in reports of the latter approach as a quantitative tool. 
There are a variety of reasons for this. Probably the most 
important one is that by the use of enzyme preparations 
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more parameters can be held constant than "when viable cul¬ 
tures are used. In addition to allowing more confidence in 
interpretation of results it permits the development of more 
precise assay systems. But the methodologies developed for 
the biochemist need not be restricted to that approach. 
Some of the techniques ■which measure changes in the substrate 
and are not affected by the state of the products of decompo¬ 
sition should be generally applicable to viable culture as 
well as cell free systems. A few have been examined in this 
study in an effort to determine if meaningful information can 
be gathered utilizing living systems similarly to cell free 
ones. 
A cellulosic substrate traditionally used by microbiol¬ 
ogists is filter paper. When degraded rapidly the process 
is relatively easy to observe since the paper begins to lose 
its integrity and either flake apart or separate into two 
strips at the air-liquid interface. Early workers assumed 
this meant that a large proportion of the insoluble substrate 
had been solubilized, but when quantitative analyses were 
performed by gravimetric means, only a small percentage of 
substrate was seen to have been lost in the process. 
The data presented in Table 7 of this report confirms 
results shown by other workers that indicate that relatively 
little insoluble cellulose is solubilized by cellulolytic 
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bacteria. Bradley (136), Fuller and Norman (86) and Berg 
et al. (107) employing different genera have given evidence 
that cellulose-decomposing bacteria do not often cause more 
than 30^ of the insoluble substrate to disappear vhen ob¬ 
served gravimetrically. Bradley, using cultures nov/ con¬ 
sidered to be synonymous with Cellulomonas observed 10^ to 
weight loss after 15 days. Fuller and Norman, observing 
a variety of species, including Sporocytophaga and Bacillus 
species, observed losses of less than to 30-40^ for fil¬ 
ter paper. The lowest values were obtained using Bacillus 
aporrheus and the highest from the cytophaga. Cornstalk cel¬ 
lulose, a natural substrate, increased values to from ^0% to 
nearly ^0% weight loss, with the most marked effect being on 
the Bacillus. These writers concluded that on the basis of 
what they accomplish using filter paper, most aerobic cellu¬ 
lolytic bacteria cannot be regarded as being particularly 
vigorous. Berg et al., in their recent note, have shown 15- 
30/^ decomposition by cellvibrios using cotton cellulose. 
The data presented in Table 7 is very similar to that 
found by the above authors. In only three cases were values 
higher than 30^ found. In two of the cases, with the celld- 
lomonad Bacterium liauatum and Cellvibrio gilvus. the sub¬ 
strate was a natural one, raw cotton linters. Most values 
were less than twenty percent. Whether the substrate is a 
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natural one, or refined i/jood cellulose vuch as Solka Floe, 
or cotton cellulose as the various Chemical Cottons of the 
PS series, or the ethylhydroxyethel cellulose—none of the 
results indicate extensive solubilization. 
This study also confirmed findings of earlier reports 
that gravimetry -when applied to cellulolysis has another 
liability. This technique is not precise. Fuller and Nor¬ 
man sho'wed values varying as much as 50%, It vas originally 
our intention to attempt to observe variation respect 
to chain length but our first attempts varied sufficiently 
to prohibit conclusions about any effect of chain length 
even though our data did shov that values for the shorter PS 
l4 substrate vere usually lover than other Chemical Cottons. 
Any values obtained from gravimetric techniques concerning 
cellulolysis must be considered approximate. 
Although used frequently vith cell-free enzyme systems 
derived from molds and bacteria, substrates such as carbo- 
xymethyl or hydroxyethyl cellulose have not often been used 
in a quantitative manner vith living bacterial cultures as 
sources of cellulase activity. Viscometric methods provide 
a reasonable potential means for utilizing these substrates 
vith vhole cells. Much of the collected data in this study 
is concerned vith the possible usefulness of this methodol¬ 
ogy. 
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The most basic question concerning the observation of 
decomposition of soluble materials such as carboxymethyl 
cellulose by viscometric methods vas "Whether quantitative 
data could be obtained using "Whole viable cells instead of 
cell free enzymes. The data in Tables 1 through 5 and the 
accompanying Figures indicate that, though rates vere lower 
than found for the purified enzymes reported in the litera¬ 
ture (112, ^-2) significant alteration of the substrates re¬ 
sulted. The results showed that strains differed in their 
ability to degrade carboxymethyl cellulose substrates even 
though closely related to one another. But they also showed 
that the strains tended to be grouped into active or inac¬ 
tive ones in much the same way they might have been classi¬ 
fied by other means. There "were notable exceptions. 
A spectrum of relative activity toward the substrates 
"Was found to exist among the organisms tested. Certain or¬ 
ganisms such as the cellulomonads, Cellvibrio gilvus and 
Cytophaga hutchinsonii were sufficiently active so that there 
was no question about their cellulolytic ability. Others, 
such as the Pseudomonas fluorescent cultures, the Bacterium 
"species", Cytophaga .johnsonii and possibly Bacillus cereus. 
produced less change than the active organisms but enough to 
warrant consideration as cellulolytic. A third grouping in¬ 
cluded Cellvibrio fulvus. Cv. polyoltrophicus. Bacillus 
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aporrheus and Arthrobacter globiformls for 'Which little or 
no discernible activity was detectable. 
No matter "Which "way the data vas presented, either as 
percentage change in efflux time (^AT) or reciprocal spe¬ 
cific viscosity (lAjgp), the active cultures appeared as one 
group. Certain of the Group II species appeared to behave 
similarly to Group I organisms ■when the data "was displayed 
one vay "while appearing inactive vhen the other method "was 
used. The inactive third group "was such no matter "which meth¬ 
od of presentation "was used. 
Those "Which fell into Group I are generally ackno"wledged 
to be active aerobic cellulolytic bacteria (69, 138, 56). 
They produced the highest rates (d(l/‘>]gp)/dt) of the organ¬ 
isms tested (Table 5) and the highest final values (l/’lsp or 
^AT) (Tables 1-^). Rates of 0.100 or better "were considered 
very high for the species tested under the conditions used. 
All from Group I but C. flavigena gave such values for sub¬ 
strate yE and the latter gave high values from t"Wo other sub¬ 
strates. 
Most of those "Which fell into the first grouping "were 
examined for substrate preference. The data in Table 5 and 
Figs. 1-6, 19 and 20 show comparative rates of utilization 
of the five carboxymethyl substrates by these organisms. 
Both DP and DS were compared. Substrates 7R5 and yL form 
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a series -with the same D.S. and D.P.s of 1000, 500, and 300 
respectively (1^0). When the results for the three Cellu- 
lomonas species vere compared little difference -was found 
among the three substrates vith D.S. 0.7. Although less ob¬ 
vious -when maximum rates (Table 5) "were compared, final val¬ 
ues and patterns of overall change (Figs. 1-6) indicated the 
similarities. The decomposition of substrate 4H1, vhich has 
a lover D.S. (0.^) than the first three and approximately 
the same D.P. as substrate 7H, vas the same as or slightly 
faster than the 0.7 D.P. substrates except for Cms. uda 
(Figs. 5 and 6). Substrate 9M8 vas uniformly not preferred 
by the cellulomonads. All four substrates tested vith Cyto- 
Phaga hutchinsonii vere rapidly utilized but decomposition 
of 9M8 vas halted after less than a day. Further testing of 
this organism vill be required to determine substrate pref¬ 
erence. Although Fig. 19 seems to indicate 7^ as less de¬ 
sirable than 4H1 these differences are not indicated vhen 
^AT is plotted (Fig. 20). Substrate 7^ vas degraded very 
rapidly early on, but vas not observed long enough to deter¬ 
mine if this change vould be sustained. These data confirm 
vhat has been suggested frequently starting vith Reese et al. 
(92), that degree of polymerization makes little difference 
in decomposition rate. 
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Degree of substitution did seem to make some difference 
hov/ever. Cellulose Gum 9^8 (D.S. 0.9) "was never preferred 
and distinct suggestions of inhibition after some time -was 
found ^ith Cytophaga hutchinsonii and the Cellulomas species. 
With the exception of C. uda. substrate 4H1 (D.S. 0.4) i^/as 
one of the tvo most readily degraded substrates for each of 
the above four species. Wirick (113) has indicated that, 
using cell free systems, some celluloses seem to require three 
adjacent unsubstituted glucose imits in order to cleave carbo- 
xymethyl cellulose. The probability of three or more adja¬ 
cent AHG units occurring uhen the D.S. is 0.9 or more is quite 
lov and increases as the D.S. decreases. Our data seems to 
suggest that, initially, both 0.4 and 0.7 D.S. are sufficient¬ 
ly lov/ so as not to inhibit cleavages of these substrates by 
living cells but nine carboxymethyl substitutions in ten an- 
hydroglucose units soon becomes inhibitory. 
The organisms -which were assigned to Group II -were a 
mixed group of bacteria. Some -were species for vhich evi¬ 
dence for cellulase activity had been found earlier but TA/hich 
did not perform as well as expected. These included the two 
Bacterium species, and Pseudomonas fluorescens var. cellu- 
losa. Three were species originally believed to possess no 
cellulolytic capability; Cytophaga .iohnsonii. Pseudomonas 
fluorescens (ATCC 11250) and Bacillus cereus. 
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High maximuni rates (Table 6) v/ere not obtained from 
Bacterium bibulum or Bacterium liquatum and the data plotted 
as l/>|sp "was not the same as that of the other cellulomonads 
(Figs. 8 and 12). However, the maximum slope (Table 6) and 
final values (Table 1) -were higher than found vith any or¬ 
ganism not included in Group I, and the ^At plots for the 
Bacterium cultures T^/ere very similar to such curves for Group 
I organisms (Fig. 13). 
Pseudomonas fluorescens var. cellulosa is an organism 
vhich has been actively investigated for cellulase production 
by the Japanese fermentation industry. Data of Yamane et al. 
(87? 88) indicate it to be most active. This was not con¬ 
firmed by the studies presented here. It was found to be no 
more cellulolytic than another strain of this same species 
not noted for cellulase production (Figs. 1^ and 16). The 
Japanese authors have indicated that the cellulolytic strain 
does exhibit a certain low constitu tive activity and that 
greater cellulase production may be induced (88). Taking 
into account this last observation there are several possible 
ways to reconcile the differences between our data and those 
of the Japanese. One is that only the constitu tive frac-^# 
tion was detected and that efforts to induce high activity 
failed. This constitutive activity may be a feature of sev¬ 
eral strains of P_s. fluorescens including ATCC 11250 and 
I 
I 
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vould account for the similarity of the tvo strains employed 
in this study, famane (88) reported that the constitutive 
fraction was cell bound and comprised only 10^ of the over¬ 
all maximum activity. Although, by the use of inducing sub¬ 
strates used by the above authors (87, 88), decomposition 
rates were somewhat increased, it is this cell boimd cellu- 
jLase which may have been the predominant one detected in both 
cultures. 
Cytophaga .iohnsonii does not decompose insoluble cellu- 
losic substrates and is generally not considered cellulolytic 
(81). Preliminary experiments with this organism indicated 
that no change in a strip of filter paper or Chemical Cotton 
could be produced, ^et this organism produced definite 
change in the viscosity of carboxymethyl cellulose, though at 
a slow rate (Figs. 19 and 20). Since this is a chitinolytic 
species, it is conceivable that the carboxymethyl substituent 
is sufficiently similar to the N-acetyl of chitin to permit 
this organism to hydrolyze CMC. 
Bacillus cereus has not been considered to be a cellu¬ 
lolytic organism, yet initial rates versus substrate 7^ were 
similar to those found during rapid decomposition by the ad- 
tive organisms. The decomposition was not long lived and' 
overall very little change occurred. Since B. cereus is a 
sporeformer and did sporulate during decomposition 
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experiments it is possible that higher values might have been 
obtained ii sporulation could have been delayed (Figs. 17 and 
18). This organism vas chosen as the non-cellulolytic coun^ 
terpart to B. aporrheus and is not indicated to possess 
either cellulase or chitinase activity by Bergey’s Manual 
(137)* It might be reasonable to further investigate both 
possibilities in light of the data for Cyt. .iohnsonii. 
The organisms in Group III produced little or no change 
in carboxymethyl substrates. There is no data in the liter¬ 
ature indicating cellulolytic ability for Arthrobacter 
globiformis or Cellvibrio polyoltrophicus. Bacillus apor¬ 
rheus TA/as the least active of the species observed by Fuller 
and Norman (86). Cellvibrio fulyus lA/as expected to have 
been an active organism. Bacillus cereus. previously dis¬ 
cussed, is borderline between Groups II and III. 
Arthrobacter globiformis. chosen as a non-cellulolytic 
coryneform to compare ^ith the cellulomonads -was completely 
inactive (Table 1, Figs. 12 and 13)* B. aporrheus produced 
about 5^ change vith filter paper vhen tested by Fuller and 
Norman (86) and did about the same vith substrate 7H in 
these studies. Despite repeated attempts, almost no decom¬ 
position -was observed for Cellvibrio polyoltrophicus. Al¬ 
though this species produced a great deal of turbidity, no 
significant change in viscosity -was observed (Table 2, 
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Figs. 15 and 16). Although tested vith a variety of media 
Cellvibrio fulvus did not produce strong turbid growth \ihen 
introduced into carboxymethyl cellulose media and did not 
cause a change in viscosity. Maintenance of viable cultures 
of a similar organism Cv. vulgaris for more than a short 
period of time after rehydration from ATCC pellets v/as not 
possible. The failure of active decomposition of both these 
cultures may have more to do "with the relative overall health 
of the culture than do inhibition by the substrate of normal 
inability to produce carboxymethyl cellulase enzymes. 
The usefulness of viscometry "With ■whole cells vas rein¬ 
forced by experiments summarized in Figure 21. Viscometric 
and reducing sugar analyses -were performed simultaneously 
vith three test organisms. Very active, moderately active 
and relatively inactive cultures, Cellvibrio gilvus. Bacter¬ 
ium and Bacillus cereus respectively, vere chosen for this 
comparison. The relative activity of each organism is basic¬ 
ally the same "whether determined by viscometry or by analysis 
of products. The distinct separation of these three organ¬ 
isms is readily observed. More data using larger numbers of 
species is required, but it is expected that members of each 
of the three groupings previously mentioned •would form 
similarly separated categories. 
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It appears from the results presented that it is not 
necessary to extract cellulase enzymes from active bacterial 
cultures to determine if they are present. Crude estimates 
of relative cellulolytic potential can be obtained -with vi¬ 
able cultures using the viscometric methodology with adequate 
confirmation obtained by coupling to reducing sugar analyses. 
However, it is required that one accept that carboxymethyl 
cellulase activity (or any other substituted cellulase activ¬ 
ity) is at least indicative of some form of "eucellulase" 
function. Carboxymethyl cellulase production is frequently 
used (^2, 93) 112, 113) 122) to indicate hydrolytic activity 
versus poly^-1, 4-AHG, the so called C^. We believe that 
CMCase activity is a legitimate indicator, of, but is not 
necessarily identical to, C^ activity. 
In a strict sense, organisms are considered cellulo¬ 
lytic if, as the result of the possession of all components 
of a cellulase system required to degrade an insoluble sub¬ 
strate, they can reduce the substrate to soluble end products 
such as glucose or cellobiose. However, not all organisms 
which are called cellulolytic can perform this task. In an 
attempt to clarify this situation Charpentier (90) described 
two categories of microorganisms involved in cellulolysis: 
Microorganisms which can complete this transforma¬ 
tion "true cellulolytic" or "cellulophage", possess 
enzymatic cellulase and glucosidase equipment; the 
Ill 
cellulases are comprised of t^wo factors, one of 
solubilization, called Ci, the other of depoly¬ 
merization and formation of oligosaccharides, 
called 
Certain microorganisms -which do not possess the 
factor, can only metabolize already solubilized 
cellulose; they are less specialized but more num¬ 
erous in soil, and one might categorize them as 
•'polyphages" as opposed to "cellulophages" . 
This type of categorization, forming t-wo classes sep¬ 
arated by the possession of Cj_, is attractive to microbio- 
gists for several reasons. Because most bacterial species 
heretofore employed for the investigation of cellulolysis 
probably -would have to be characterized as cellulophage types, 
many species v/ith the capability to produce change in cellu- 
losic substrates in natural environments but, T«;hich vould be 
classified as pol3rphages, have been ignored. If one's aim is 
to characterize an enzyme system, it is natural to choose, 
as sources, bacteria -which produce relatively large amounts 
of enzymes -with great activity rather than those -which pro¬ 
duce small amounts or -which elaborate less active enzymes, 
fet, if the latter group is much more numerous in a natural 
habitat than members of the former, the overall effect may be 
that the polyphage types are responsible for as much cellu¬ 
lose degrauation as the cellulophage types. The new classi¬ 
fication system makes the polyphage generalist at least as 
important as the cellulophage specialist. 
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The cellulophage-polyphage nomenclature also provides 
for an approach to the problem of synergistic degradation of 
cellulose. Polyphages may be understood to be lacking in 
certain parts of the cellulolytic complement possessed by 
cellulophages. Charpentier has indicated that the polyphages 
lack Cx* If the Cp function vere restored the polyphage 
might appear to be a cellulophage. This might be done chem¬ 
ically or enzymatically in an artificial environment. In a 
natural situation, the Cp function might be supplied by an¬ 
other organism. The second organism vould not necessarily 
be required to possess any of the remainder of a cellulase 
system besides to allow complete degradation of cellulose 
by the combined efforts of both microbes. All that would be 
required is the complementation of the enzyme systems of the 
two organisms and the overall compatibility of both (e.g. 
range, temperature tolerance, lack of antagonistic responses, 
etc.). Synergistic cellulolysis has been assumed to exist 
but has been found difficult to prove. Possibly the elimina¬ 
tion of the bias toward cellulolysis sensu stricto will 
permit the establishment of means to investigate this possi¬ 
bility. 
Since most schemes for isolating or enumerating cellu¬ 
lolytic bacteria from natural habitats are predicated on the 
ability of the isolate to degrade an insoluble material. 
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generally filter paper, in order to be detected, freshly iso¬ 
lated cellulolytic cultures generally possess some initial 
C^. activity. Because of the bias against the polyphage type 
numbers of cellulolytic bacteria observed are probably equiv¬ 
alent to numbers of cellulophage bacteria detectable. It 
■would seem that in order to determine the extent of the total 
aerobic cellulolytic bacterial population in a certain habi¬ 
tat, some criteria must be established for them which do not 
automatically rule out polyphages. 
The polyphage-cellulophage concept is a model system 
for which little evidence for its existence has been found. 
Nevertheless some of the data presented herein are suggestive 
of support for this hypothesis. The groupings for the var¬ 
ious test species were determined from performance obtained 
using substrate 7H. Those species which formed Group I were 
all species regarded as active cellulose decomposers by most 
authors. Those which formed Group II, though producing some 
measurable change in the substrate, were not primarily organ¬ 
isms previously noted as cellulose decomposers. Only the 
two organisms originally named ^'Bacteri-um*' and later classi¬ 
fied as cellulomonads and the variety of Pseudomonas fluores- 
cens ATCC 130^-2T have been mentioned previously as having 
cellulolytic capability. Half the cultures, the pseudomonads 
and Bacillus cereus are basically "generalist” soil organisms. 
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Only the Cytophaga .iohnsonii was noted as a specialist, that 
specialty being chitinolysis. 
It is tempting to call those belonging to Group I cel- 
lulophage type, and those in Group II polyphage type but, 
obviously, such a brief study, which was not intended to 
pursue the cellulophage-polyphage hypothesis, is insufficient 
to allow such a classification. This study could be extended, 
however, to include a larger number of "garden variety" bac¬ 
teria known to possess hydrolytic capability toward such sub¬ 
strates as starch or chitin. The existence of large numbers 
of common bacteria possessing Cx activity would suggest an 
important role for the polyphage group. Conversely the lack 
of by large numbers of non-specialist bacteria would indi¬ 
cate that the cellulophage population was indeed the dominant 
factor in cellulose decomposition in those situations where 
bacterial cellulolysis was predominant. The polyphage would 
then become the occasional opportunist which could fill a 
vacant niche until the cellulophage population became re¬ 
established. 
The information so far presented may lead to various 
applications. The impetus for this study resulted from an 
inability to justify the accuracy of numbers of cellulolytic 
bacteria from aquatic situations obtained in previous work. 
Most data pertaining to numbers of bacteria have been 
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obtained by the use of MPN techniques using filter paper or 
some similar substrate. But this traditional method has 
many limitations. The MPN basic technique is predicated on 
the ability of a single cell to give rise to a culture capa¬ 
ble of producing a detectable reaction, such as gas from lac 
tose in tests for sanitary significant bacteria. But it is 
highly unlikely that a single cell can initiate decomposi¬ 
tion of filter paper cellulose. A critical population is 
probably needed to provide sufficient enzymatic activity to 
partially degrade the original substrate thus giving the sur 
vivors of the initial population a favorable energy balance 
to permit further enzyme production and cell reproduction. 
Fuller and Norman suggested that the hemicelluloses in nat¬ 
ural cellulose are used as substrates to enable cellulolytic 
forms to establish the critical populations (86). Thus, num 
bers detected by the traditional method are probably lover 
than real values. 
The use of filter paper also tends to reduce the number 
of species detected to those possessing strong C;l activity. 
As indicated previously, even very active cellulolytic bac¬ 
teria have difficulty decomposing filter paper. Hovever, 
hydrolysis of cellulosic substrates can be accomplished by 
those not able to use filter paper. These vould not be de¬ 
tected by the usual KPN methods. 
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The selection of the most active organisms in a particu¬ 
lar habitat may be very desirable in many circumstances, and 
the filter paper-in-liquid techniques ■work veil for those 
purposes. But an accurate estimation of the total cellulose 
hydrolytic potential requires a means of detecting those 
vhich possess Cx but not Cq. The use of a soluble substrate 
such as carboxymethyl cellulose may be advisable. It vas 
indicated here that most acknovledged cellulolytic bacteria 
tested did produce decomposition of these substrates. Detec¬ 
tion of the decomposition vas relatively easy and first signs 
occurred vithin three days or less. Detection of decomposi¬ 
tion of filter paper-in-liquid media may take as long as a 
month. If one accepts that CMCase activity is indicative of 
Cx potential then the use of CMC or similar substrates should 
be encouraged as part of any comprehensive enumeration scheme. 
A simple application might involve the routine inocula¬ 
tion of a series of flasks of soluble cellulosic substrate 
from the same batch vith aliquots from a sample vhich vas al¬ 
so used to inoculate an MPN series. A comparison betveen 
the tvo series vould indicate numbers of organisms possess¬ 
ing or lacking Cq but having C^^. A reduction of JO^Z^T or 
its equivalent l/^gp value vithin 3-5 days could be construed 
as a positive sign of decomposition. Subculture of the or¬ 
ganisms in the flasks using both soluble and insoluble 
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substrates might give an indication of the numbers of "cellu- 
lophage" types found in both series, or conversely, numbers 
of "polyphage" types not detected by the MPN series. 
The results of this study indicate several research 
directions which may profitably be pursued. It has been 
shown that the biochemical tool of viscometry may be readily 
adaptable to the use of viable cultures. Using a modified 
viscometric technique, a distinction between very active 
generally recognized cellulolytic forms and less active or 
inactive forms not generally considered to be cellulolytic 
can be demonstrated. Some of the previously considered non- 
cellulolytic forms did provide some detectable carboxymethyl 
cellulase activity, however. It was suggested that further 
investigations of the cellulolytic potential of ordinary 
soil and water organisms not previously tested for cellulase 
activity or considered non-cellulolytic because they fail to 
degrade filter paper might be profitable to be pursued. The 
substrates chosen for these studies have been carboxymethyl 
cellulases but since some studies have suggested that hydro- 
xyethyl or other similar soluble substituted cellulosic 
polymers may be more suitable, it would be wise to expand 
the type of study initiated herein to include these sub¬ 
strates. Filter paper does not appear to be an ideal sub¬ 
strate for revealing the cellulolytic potential of bacteria. 
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Its continued use as a basis for criteria for that purpose 
should be questioned. Its use as a substrate for the selec¬ 
tion of organisms possessing high activity is probably 
quite valid. The use of other insoluble substrates may be 
better than ordinary filter paper. Avicel is a commercial 
product "Which "was not tested in this study and has been 
found to stimulate cellulase production in Pseudomonas fluor- 
escens (87, 88). It is possible that this or other insoluble 
substrates may be favorably combined -with techniques other 
than gravimetry to demonstrate cellulase activity by a vjider 
variety of organisms than has been found using filter paper. 
rne cellulophage-polyphage hypothesis also provides a 
departure point for much future research in the microbial 
ecology of cellulose decomposition. With proper methodologi¬ 
cal development, basic field investigations can provide much 
information concerning the role of the polyphage. The sharp 
distinctions between the two categories may not exist but 
co^rld be of degree rather than kind. Biochemical research 
of the variety currently being pursued should reveal whether 
those which seem to possess only may also produce small 
amounts of It is important, in any case, that microbial 
ecologists recognize that cellulose degradation in natural 
situations may involve more than the organism classified as 
cellulophages and that the experimental design take into 
acco'>>nt this possibility. 
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Understanding of the biochemical nature of cellulolysis 
has been advanced considerably in recent years, but much of 
this information does not seem to have filtered dovjn to the 
microbiologist vho continues to rely on the limited tradi¬ 
tional methodologies. This study has indicated that some of 
the biochemical techniques can be readily adapted to the use 
of viable cultures vith -which an ecologist may prefer to -work. 
It has sho-wn that cellulose in modified form may be degraded 
by organisms not usually considered capable of this effort. 
Since cellulose in natural habitats is probably found as a 
partially degraded polymer as a result of the activities of 
certain organisms, these organisms may have an important f-unc- 
tion in the completion of degradation of cellulosic material. 
This function is implied in the cellulophage-polyphage hypo¬ 
thesis and merits further consideration. The application of 
traditional criteria based on observations obtained -with or¬ 
ganisms -which would be classified cellulophage types in¬ 
hibits such considerations and those criteria should be modi¬ 
fied. 
SUMMARY AND CONCLUSIONS 
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1) In recent decades great strides have been made in 
understanding the enzmyology of cellulose decomposition by 
specific microorganisms. HoiA/ever, this progress does not 
appear to have produced a similar response from microbiolo¬ 
gists concerned vith the detection of cellulose-decomposition 
by bacteria in natural systems. The various criteria for the 
determination of cellulolytic action in simplified cell free 
systems are not uniformly applicable to the complex living 
systems vith v?hich an ecologist must deal. 
2) In categorizing species on the basis of cellulolytic 
capability, the choice of substrate •which can be accepted as 
"cellulose" is very important. Some consider as acceptable 
only those very purified, highly polymeric, crystalline un¬ 
substituted materials such as filter papers. Hovever, early 
research, supported by data presented herein, indicate that 
these materials are very restrictive for bacterial species 
including those commonly called cellulolytic. 
3) Viscometry is one of several methodologies found to 
be very useful in enzymological studies of cellulolysis. It 
vas sho'wn that this technique is readily adaptable for quan<- 
titative determination of cellulolytic potential (C^ hydrolase 
activity) by living cultures of aerobic mesophilic bacteria. 
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4) Fifteen cultures of aerobic mesophilic bacterial 
species vjere tested using viscometric techniques employing 
several carboxymethyl cellulose substrates for (CMCase) 
potential. On the bases of these tests three relative group- 
ings -were observed. The most active group included three 
Cellulomonas species, Cytophaga hutchinsonii. and Cellvibrio 
gilvus. Species less active than the first group but pos¬ 
sessing some decompositional capability included tvjo cellu- 
lomonad Bacterium species, t-wo varieties of Pseudomonas 
fluorescens. Cytophaga .iohnsonii and a Bacillus cereus cul¬ 
ture. Organisms for 'which no significant change in the sub¬ 
strates could be observed included Bacillus aporrheus. Arthro- 
bacter globiformis. Cellvibrio polyoltrophicus and Cellvibrio 
fulvus. 
Several of the organisms found capable of producing Iota/ 
to moderate change in cellulosic substrates -were common soil 
organisms, and had not been previously classified as cellu¬ 
lolytic species. On the basis of the findings concerning 
those organisms comprising the second grouping, it -was rec¬ 
ommended that these studies be extended to other common soil 
and -water bacteria previously untested for C^ activity, es¬ 
pecially those possessing knoiA/n chitinase activity. 
5) Until more information is obtained -with respect to 
the capabilities of the majority of soil and v/ater organisms 
possessing^ -1, 4 glucan-glucanohydrolases it vould behoove 
the microbiologist to use a less strict rather than a more 
strict interpretation of "cellulose" during ecological in¬ 
vestigation of bacterial cellulolysis. 
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